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(54) PKKIECnON EXPOSURE METHOD AND APnUIATUS AND PROJECTION OPTICAL 
SYSTEM 


(57) Provided Is a dioptric proJecUon.optlcal system 
tovorabiy applicable to prcgecfbn exposure apparatus 
used in the lithography step in f^rteafion of microdevte- 
^ such as semiconductor devices. This projection op- 
tical system includes a positive, front lens unit (GF). 
aperture stop (AS), and a positive, rear lens unit (GR) 
and is a t>fteieoen1ric optical system. The optical system 
satBfies the following condition: 

0.085 <t2/L< 0.125, 

where f2 Is afbcal length of the rear lens unit (GR) 
and L Is a distance between an object and an image. 

The projection optical system includes at least one 
aspheric surface (ASF 1 to ASP 6). 


Fig.1 
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Description 
Technic^ Field 

5 [0001] The pr^ent invention relates to projection exposure apparatus and methods used in ^t>r1catlon of microde- 
vices, for example, such as semiconductor Integrated circuits, imaging devices including CCDs and the lOce, liquid 
crystal displays, or thin-film magnetic heads by the lithography technology, and to projection optical systems suitat>ly 
applicable to such projection exposure apparatus. The present invention also relates to methods of fat)ricaiting the 
foregoing projection exposure apparatus and projection optical systems. 

10 

Background Art 

[0002] As the circuit pattenis for such microdevices as the semiconductor integrated circuits and others are becoming 
finer and finer in recent years, the waveler^ths of Olumlnatfon light(radiatlon) for exposure (exposure light(radiation)) 

15 used in the exposure apparatus such as steppers and the Bice have been decreasing toward shorter wavelengths year 
after year. Namely, as the exposure light, KrF exctmer laser light (wavelength: 248 nm) is going mainstream in place 
of the i-line (wavelength: 365 nm) of mercury lamps mainly used conventionally, and ArF exctmer laser light of a much 
shorter wavelength (wavelength: 193 nm) is also nearing practical use. For the purpose of further decreasing the 
wavelength of the ^cposure li^it there are also attempts to use halogen molecular l^ers and others llice the F2 laser 

20 (wavelength: 1 57 nm). 

[000^ Although the aforementioned excimer lasers, halogen molecular lasers, eta are available as light sources in 
the vacuum ultraviolet region of wavelengths not more ttan 200 nm, there are limits to practical band narrowing thereof. 
[0004] Since limited materials transmit the emitted Gght in this vacuum ultraviolet region, available materials are 
limited for lens elements constituting the projection optical systems and transmittanoes of the limited materia are not 
2S so high, either. As matters now stand, the performance of antireflection coats provided on surfaces of the lens elements 
is not so high, as against those for longer wavelengths. 

[0005] A first object of the present invention is to suppress chromatic aberration of the projection optical system and 
reduce loads on the Dghft source. 

[OOOQ A second object of the present invention is to correct ch romatic aberration for the exposure light having some 
30 spectral width, by adding a single kind of glass material or a few color-correcting gtess materials. 

[0007] Athird object of the present invention is to obtain an ^remely fine microdevice circuit pattern wMIe simplliying 
the structure of the projection optical system. 

[OOOQ A fourth object of the present invention is to obtain an extremely fine microdevice circuit pattern without de- 
crease in throughput. 

3$ 

Disclosure of the Invanflon 

[OOO9] For accompfishing the foregoing first or second object, a first projection optical system according to the present 
invention Is a dloplric prpjec^on optical system for forming an irrvge of a pattem on a first surface, onto a second 
40 suriaoe tiy action of light-transmitting (nadla1ion4ransmitting) refractors, comprising: a front lens unit having a positive 
refracting power, located in an optical path between the first surface and the second surface; a rear lens unit having 
a positive refracting power, located in an optical path K)etween the front lens unit and the second surface: and an 
aperture stop located in the vicinity of a roar focus position of the front lens unit; the projection optical system being 
teiecentric on the first surface side and on the second surface side, wherein the following condition is satisfied: 

45 

0.065 < f2AL < 0.125. 

wtiere f2 is a focal length of the rear lens unit arxj L Is a distance from the first surface to the second surface. 

S7 [0010] A first fabrication method of a projection optical system according to the present Invention is a method of 
fabricating a dioptric projection optica system for forming an image of a pattem on a first surfoce, onto a second surface 
by action of radiation-transmitting refractors, comprising: a step of locating a front lens unit having a positive refracting 
power; a step of locating a rear lens unit having a positive refrffiitlng power, between the front lens unit and ttie second 
surfoce; and a step of locating an aperture stop t>etWTCn the finont lens unit and the rear lens unit; wherein the Iront 

S5 lens unit, the rear lens unit, and the ^^erture stop are located so that the projection optical system is teiecentric on the 
first surfoce side and on ttie second surfoce side, and method using the projection optical system satisfying the 
following condition; 
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0.065 <i2/L< 0.125, 

where f2 is a focal length of the rear lens unit and L a distance from the first suHace to the second surface. 

9 [0011] For accomplisNng the foregoing first or second object, a second projection optical system according to the 
present inventbn is a dioptric projection optical system for forming an image of a pattern on a first surface, onto a 
second suffice by action of radiation-transmitting reffractors, obmprising three or more lenses having their respective 
refracting powerSp wherein wtien three lenses are selected In onder firom the first surface side of the lenses having their 
respective refr^ng powers, at least one surface of the three lenses is of an aspheric shape having a negative refracting 

10 power. 

[0012] For accomplishing the foregoing first or second object, a third projection optical system according to the 
present invention is a dioptric projection optical system for forming an image of a pattern on a first surface, onto a 
second sur^ce by action of radiatlontransmltting retractors, comprising a plurality of lenses having their respective 
refracting powers, wherein when two lenses are selected in order from the first surface of the lenses having their 
IS respective refracting powers, at least one surfiaoe of the two lenses is an aspheric surface, and wherein, where Ca Is 
a local, principal curvature near a center of an optical axis of the aspheric surface and Cb is a local, principal curvature 
in the meridional direction of an extreme marginal region of a lens clear aperture diameter of ttie aspheric surface, the 
following condition holds if the aspheric surface has a negative refracting power 

^ Ct2/Ca<0.7 b-1; 

on the other hand. In the present invention, the fbiiowing condition holds if the aspheric surface has a positive refiBcting 
power. 

25 

Cb/Ca > 1.6 b-2. 

[0013] In this invention, the local, principal curvature Ca near the center of the optical axis of the aspheric surface 
30 and the local, principal curvature Cb is in the meridional direction of the extreme marginal region of the lens clear 
aperture diameter of the aspheric suriace can be expressed as follows as an example. That is to say, the aspheric 
surface is expressed by the following equation (b-3): 

1+Vl-(1*ic)V^fr^ 

where Y is a height of the aspheric surfoce from the optical axis, z a distance along the direction of the optical axis 
frem a tangent plane at the vertex of the aspheric surface to the aspheric surface, r a radius of curvature at tfie vertex, 
40 KB conical ooefficierTt, and A, B, C, D, E, and F aspheric coefficients. 

p)014] With this expression, ttie local, principal curvatures Ca and Cb are given as follows. 

Ca = Vr (b-4) 

45 

so [001 5] With increase in the numerical apertures of the projection optical systems and with Increase in the size of the 
image field, there are Increasing demands for minimization of distortion. In order to correct only distortion while sup- 
pressing influence on the other aberrations, it Is preferable to place an aspheric surface for correction of distortion at 
a position as dose to the object plane (mask) as possible. On this occasion, when the aspheric surface satisfies the 
foregoing condition (t>-1) or (t>-2), the distortion can k>e oorrected well even with increase in the numerical aperture and 

55 with increase in the size of the image field. 

[0016] For accomplishing the foregoing first or second object, a fourth prejection optical system according to the 
present inventfon is a dioptric projection optical system for forming an image of a pattern on a first surface, onto a 
second surface by action of radiation-transmitting relkactors, comprising four or more lenses having their respective 
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rQfracting poweis, wherein when four lenses are selected in order from the first surfiBce of the lenses having fheir 
respective refracting powers, at least one surface of the four lenses is an aspheric surface, and wherein, where Ca is 
a local, principal curvature near a center of an optical axis of the aspheric surface and Cb is a local, principal curvature 
In the meridional direction of an extreme marginal region of a lens dear aperture diameter of the aspheric surface, the 
5 following condition holds tf the aspheric surfiace has a negative refracting power 

CbfCa < 0.45 (c-1); 

10 on the other hand, in the present invention, the following condition holds if the aspheric surface has a positive refracting 
power 

Cb/Ca > 2.3 (G-2). 

15 

[0017] In the present invention, the local, principal curvatures Ca, Cb can be expressed by the above equations (t>- 
4) and (b^) as an example. When the aspheric surface satisfies the foregoing condition (c-1) or (o-2), the distortion 
can be corrected well even with increase in the numerical aperture and with Increase In the size of the image fi^. 
[0018] For acoompBshing the foregoing third object, afiffh projection opftcal system accordingto the present invention 
20 is a projec^on optical system for forming a reduced image of a pattern on a first surface, onto a second surface, 
comprising: In the order named hereinafter from the first surface side, a first lens unit having a negative refracting 
power; a second lens unit having a positive refracting power; a third lens unit having a negative refiBcting power; a 
fourth lens unit having a positive refracting power; an aperture stop; and a fifth lens unit having a positive refmcting 
power; wherein the fbilowing conditions are satisfied: 

-1.3< VpKO.and 


^ 0.08 <L1/L< 0.17, 

where pi is a compos'rte, lateral magnification of the first lens unit and the second lens unit, LI Is a distance Irom 
the first surface to a lens surface closest to the second surface in the second lens unit, and L Is a distance from the 
first surface to the second surface. 

^ [001 q A second fabrication method of a projection optical system according to the present invention is a method of 
fabricating a projection optical system for forming a reduced Image of a pattern on a first surface, onto a second surfiace, 
comprising: a step of preparing a first lens unit having a negative refracting power; a step of preparing a second lens 
unit having a positive refracting power; a step of preparing a third lens unit having a negative refrBcting power; a step 
of preparing a fourth lens unit having a positive rBfractir^ power; a step of preparing an aperture sUsp; a step of preparing 

40 a fifth lens unit having a positive refracting power; and a step of locating the first lens unit, the second lens un'rt, the 
third lens unit, the fburth lens unit, the aperture stop, and the fifth lens unit In the order named from the first surface 
side; wherein, where p1 isacomposlte, lateral magnification of the first lens unit and the second lens unit, L1 adistance 
from the first surface to a lens surface closest to the second surface in the second lens unit, and L a distance from the 
first surface to the second surface, the first and second lens units are prepared so as to satisfy the following condition: 

45 

-1.3< 1/pi <0, 

and the first and second lens units are located so as to satisfy the following condition: 

so 

0.08 <L1/L< 0.17. 

[0020] For accomplishing the foregoing third object, a sbdh projection optical system according to the prBsent inven- 
55 tion Is a projection optical system for forming a reduced image of a pattem on a first surface, onto a second surface, 
comprising at least one light-transmitting refractor located in an optical path of the projection optical system, wherein 
the following condition is satisfied: 
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0.46 <CA.< 0.64, 

wtiene C is a total thickness along the optical axis of the radiation transmitting refractor located in the optical path 
s of the projection optical system and L Is a distance tinom the first surface to the second surface. 

[0021] A thind fabrication method of a prrsjection optical system according to the present invention a method of 
fabricating a projection optical system fbr forming a reduced image of a pattern on a first surfacep onto a second surface, 
comprising a step of preparing a lirst lens unit having a negative refracting power, a step of preparing a second lens 
unit having a positive refracting power, a step of preparing a third lens unit having a negative refracting power, a step 
10 of pre paring a fourth lens unit having a positive refracting power, a step of preparing an aperture stop, a step of preparing 
a fifth lens unit having a positive refracting power, and a step of locating the first lens unit, the second lens unit, the 
third lens unit, the fourth lens unit, the aperture stop, and the filth lens unit In the order named from the first surface 
side, wherein the first lens unit to tlie fifth leris unit are prepared so as to satisfy the following condition: 

0.46 < C/L < 0.64, 

where C is a total thickness along the optk»l axis of a light-4ransmitting refractor bcated in an optical path of the 
prqjectbn optical system and L a distance from tlie first surface to the second surface. 
20 [0022] l=or accomplishing the foregoing third object, a seventh projection optical system according to the present 
Invention is a projection optical system for forming a reduced image of a pattern on a first surface, onto a second 
surface, comprising at least three lens surfaces of aspheric shape, wherein the following condition is satisfied: 

25 0.15 <Ea/E< 0.7, 

where E is the total number of memt>ers teving their respective refracting powers among radiation-transmitting 
refractors in the projection optical system and Ea the total rujmber of members each provided with a lens surface of 
aspheric shape. 

30 [0023] A fourth ^t>rication method of a projection optical system accordbig to the present Invention Is a method of 
fabricating a projection optk:ai system for forming a reduced image of a pattern on a first surface, onto a second surface, 
comprising: a step of preparing iight-transmitting members so that at least three surface of lens surfaces of the radl- 
atton-transmitting refractors are of aspheric shape and so that the following condition Is satisfied: 

^ 0.15 <Ea/E< 0.7, 

where E is the total numt)er of members having ttieir respective refracting powers among the radiation-transmit- 
ting refractors and Ea the total number of members GBCti provided wiOi a lens surface of aspheric ^ape; and a step 

40 of assembling the radiation transmitting members. 

[0024] A first prpfectlon exposure apparatus «xx)rdlng to present Invention is a projection exposure api^aratus for 
prpiecting a reduced image of a pattem provided on a projection master, onto a woricplece to effect exposure ther^f , 
comprising: a light source tor supplying exposure fight; an illumination optical system for guiding the exposure light 
from the light source to the pattern on the projection master; and the projection optical system being either one selected 

46 from said projection systems; wtierein the projection master can be placed on the first suriace of the projection optical 
system, and the workpiece be placed on the second surf«:e. 

[0025] A second prpiection exposure apparatus according to the present invention is a projection exposure apparatus 
tor projecting a reduced image of a pattern provided on a projection master, onto a workpiece to effect exposure thereof 
while scanning, comprising: a fight source tor supplying exposure light; an illumination opb'cal system for guiding the 

SO exposure light from the light source to the pattern on the projection master; the projection optical system being either 
one selected from said projection optical systems; a first stage for enabling the projection master to t>e placed on the 
first surface of the projection optical system; and a second stage tor enabling the workpiece to be placed on the second 
surface; wherein the first and second stoges are movable at a ratio of speeds according to a prcjection magniftealion 
of the projedion optical system. 

S5 [0026] For accompfi^ing the foregoing fourth object, a third projection exposure apparatus according to ttie present 
invention is a projection exposure apparatos for projecting a reduced image of a pattem provided on a projection 
rrmster, onto a workpiece to efliect exposure thereof, oompri^ng: a light source for sujsplying exposure light in a wave- 
length region of not more than 1 80 nm; an llluminatkm Qpfk»l system tor guiding the exposure light from the light source 
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to the pattern on the projection master; and a projection optical system located in an optical path between the prcjedbn 
master and the worlqsieoe, the projection optical system guiding 25% or more by quantity of the exposure light having 
passed through the projection master, to the workpieoe to form the reduced image of the pattern on the workpieoe. 
[0027] A first projection exposure meltiod according to the present invention is a projection exposure method of 
s prc3jecting a pattern fbnned on a projection master^ onto a wortq>iece to effect exposure thereof, which uses the pro- 
jection exposure apparatus be\ng either one of the projection exposure apparatus, wherein the projection master is 
placed on the first surface and the workplece Is piaoed on the second surface, end wherein an image of the pattern is 
fbmied on the workpiece through the projection optical system. 

[0028] A fourth projection exposure apparatus and a second projection exposure method according to the present 
10 Invention are a projection exposure apparatus and a projection exposure method for projecting a reduced image of a 
pattern provided on a prpjectlon master, onto a worlcpiece to eftect exposure tfiereof, which comprise: a Oght source 
for supplying exposure Oght in a wavelength regfon of not more than 200 nm; an illumination optical system for guiding 
the exposure light from the light source to the pattern on the projection master; and a projection optical system located 
in an optical path between the projection master and the workplece, the projection optk:al system guiding the exposure 
. IS light having passed through the projection master, to the workpieoe to form the reduced image of the pattern an the 
workpiece; wherein the following condition is satisfied: 


where En1 is a quantity of the exposure light traveling from the light source to the illuminalion optical system, 
En2 a quantity of the exposure light traveling from the illununation optical system to the projection master, En3 a quantity 
of the exposure light entering the projectkvi opttoal system, and En4 a quantity of the exposure light emeriging from 
the projection optical system toward the worlcpieoe. 
25 [0029] A first microdevice fabrication method accorcfing to the present Invention is a method of fabricating a nrucro- 
device having a predetermined circuit pattern, comprising: a step of projecting an image of the pattern onto the work- 
piece to effect exposure thereof, using the fbregoing ^cposure method; and a step of developing the workpiece after 
the projection exposure. 

[003Q] Next, for acoompfishing the foregoing first or second object, a flftti projection exposure apparatus according 
30 to the present inventk>n is a projection exposure apparatus for projecting a pattern on a projection master onto a 
woricplece to effect exposure thereof, comprising: an Illumination optical system for supplying ^posure light of a wave- 
length of not more than 200 nm to the projection mast^ and a projection optical system for forming an Image of the 
pattem on the projection master, at a predetermined projection nmgniftcation p on the workpieoe; wherein the projection 
optical system comprises an aperture stop, a front lens ur^ located between the aperture stop ^d the projection 
35 master, and a rear lens unit kicated between the aperture stop and the worlcpiece, wherein, where y (kg) represents 
a translated amount of fiuorite of a disk member from an amount of fluorlte among Dght-transmitting optical nr)aterials 
in the projection optical system, f2 (mm) represents a focal length of the rear lens unit, and NAw represents a maximum 
numerical aperture on the image side of the projection optical systwi, and where a parameter x is defined as follows: 


(En4£n3)>(En2/En1) 


20 


40 


x=f2-4|p|NAw^; 


the following conditions are satisfied: 


40 


y^4x-200, 


y ^ (4x/13) + (1000/13). 


so 


y g4x-440, 


and 


55 


y ^0. 
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[0031] A sixth prcjecUon exposure apparetus ecoording to the present invention is a scanning projection exposure 
epparelus for projecting a pattern on a projection master onto a woricpiece to effect exposure thereof while scanning, 
comprising: an illumination optical system for supplying exposure light of a wavelength of not more than 200 nm to the 
projection rraster; and a projection optical system for fomning an image of the paittem on the projection n^ster, at a 

s predetermined projection magnification p on the workpiece; wtierein the projection optical system comprises an aper- 
ture stop, a front lens unit located between the aperture stop and the projection master, and a rear lens unit located 
between the aperture stop and the workplace, wherein, where y (kg) represents a translated amount of fluorlte of a 
disk member from an amount of fluorite among light-tranmnitling optical materials in the prajet^k^n optical system, 6 
(mm) a focal length of the rear lens unit, and NAw a maximum numerical aperture on the image side of the projection 

10 optical system, and where a parameter x is defined as follows: 

x f2 - 4|P I • NAv/; 

15 the fbliowing condrttons ara satisfied: 

y ^4x-200, 

^ y g (4X/13) + (1000/13), 


y g4x-440, 

25 

and 

y go. 

30 

[0032] A s^/enth projection exposure apparatus according to the present invention Is a projection exposure appa- 
ratus for projecting a pattern on a projectk>n rraster onto a woricpiece to eflsct racposure thereof, comprising: an illu- 
mination optical system for supplying exposure light of a wavelength of not more than 200 nm to tlie projection master; 
and a projection optical system for forming an image of the pattem on the projection master, at a predetermined pro- 
as jedion magnification p on the woricpiece; wherein the projecrtion optteal system comprises an aperture stop, a front 
lens unit located between the aperture stop and the projection master, and a rear lens unit k^cated between the aperture 
stop and the workpiece, wtierdn, where y (kg) represents a translated amount of fluortte of a disk member from an 
amount of fluorite among light-transmitting optical materials in the projection optical system, f2 (mm) a focal length of 
the rear lens unit, and tsiAw a maximum numerical aperture on the knage side of the prpfectkvi optical system, and 
40 wtiere a parameter x Is defined as follows: 

x=f2-4|p|-NAw^ 

46 the following conditions are satisfied: 

y € (9xa)-270, 


y^(9x/2)- (855/2), 

55 

and 
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[0033] An eighlti projection exposure apparati^ accondlng to the present invention is a projection exposure apparatus 
s for projecting a pattern on a projection master onto a workplace to effect exposure thereof, comprising: an illumination 
optical system for supplying exposure light of a wavelenglh of not mora than 200 nm to the projection master; and a 
projection optical system for forming an image of the pattem on the prcjedion nnaster, at a predetermined projection 
magnification p on the >wDr1cpiece; wherein tlie projection optical system compri^s an aperture stop, a front lens unit 
located between the aperture stop and the projection master, and a rear iens unit located between the aperture stop 
10 and the workpieoe, wherein, where y (kg) represents a translated amount of a first materia! of a di^ member from an 
amount of the first material among light-transmitting optical nvterlals in *the projection optical system, f2 (mm) repre- 
sents a focal length of the rear lens unit, and NAw represents a maximum numerical aperture on the Im^e side of the 
projection optical systemp and where a parameter x b defined as follows: 

IS 

x=f2 -4|P| NAw ; 

the following conditions are satisfied: 

20 

y S4x-200p 


y m (4x/1^ + (1000/13), 

25 

y ^4x-440, 

and 

so 

y^O. 

[0034] Next, for accomplshing the fbregoing first or second object, a third projection exposure method according to 
36 the present invention Is a projection exposure method of projecting a pattem on a projection master onto a workplece 
to effect exposure thereof, comprising: an illurnlnalion step of supplying exposure light of a wavelength of not more 
than 200 nm to the projection master; and an image forming step of forming an image of the pattem on the projection 
master, at a predetermined projection magnification p on the workpieoe, using a projection optical system comprising 
a front lens unit, an aperture stop, and a rear iens unit; wherein the Image fbmrung step comprises a first auxiliary step 
40 of guiding the light from the projection master to ttie front lens unit, a second auxiliary step of guiding the light p^ng 
through the front lens unit, to the aperture stop, a third auxDIary step of giMrtg Ihe light passing through the aperture 
stop, to the rear iens unit, and a fourth auxiBary step of forming the image of the pattem on the worlcpiece, using the 
light passing through ttie rear lens unit, wherein, where y (kg) represents a translated amount of fluorite of a disic 
member from an amount of Huorite among light-transmitting optical materials in ttie prcjection optical system, 12 (mm) 
45 represents a focal length of the rear lens unit, and NAw represents a maximum numericai aperture on the image side 
of the projection optical system, and where a param^er x Is defined as follows! 

x=f2-4|P|NAw^; 

so 

the following conditions are satisfied: 

y ^4x-200, 

55 

y S (4X/13) + (1000/13), 
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y ^4x-440, 

and 

5 

y ^ 0. 

[0035] A fourth projection exposure method according to the present invention is a projection exposure method of 
10 projecting a pattem on a profection master onto a workpleoe to effect exposure thereof, comprising: an illumination 
step of supplying ^cposure light of a wavelength of not more than 200 nm to the projection master; and an image 
fbmriing step of Ibrming an image of the pattem on the projection master, at a predetemnined projection magnification 
P on the worlcpiece, using a projection optical system comprising a front lens unit, an aperture stop, and a rear lens 
unit; wherein the image forming step comprises a first auxiliary step of guiding the light from the projection master to 
15 the front lens unit, a second auxiliary step of guiding the light passing through the front lens unit to the aperture stop, 
a third auxiliary step of guiding the light passing tlirough the aperture stop, to the rear lens unit, and a fourth auxiliary 
step of forming the im^e of the pattem on the workpiece, using the light passing through the rear lens unit wherein, 
where y (kg) represents a translated amount of a first material of a disk member from an amount of the first material 
among light-4Fansmit1ing optical materials in the projection optical system, f2 (mm) represents a focal length of the rear 
2D lens unit and NAw represents a maximum numerical aperture on the image side of the projection optical system, and 
wtiere a parameter x is defined as follows: 

x = 12-4|P|-r<4Aw^; 

26 

the following conditions are satisfied: 

y S 4x - 200, 

30 

yg (4x^13) + (1000/13), 

^ y^4x-440, 
and 


[0036] Next a fabrication method of projection exposure apparatus according to the present invention is a mettiod 
of fabricating the fifth, sixth, or seventh projection exposure apparatus of the present invention, comprising a step of 
preparing an. Illumination optical system for supplying exposure Oght of a wavelength of not more than 200 nm to the 

45 projection master; and a step of preparing a projection optical system for forming an image of the pattern on the pro- 
jection master, at a prodetermlned projection magnification p on the woricplece; wherein the step of preparing the 
projection optical system comprises an auxiliary step of preparing a front lens unit, an aperture stop, and a rear lens 
unit an auxll»iy step of locating the front lens unit b^ween positions where tfie aperture stop and the projection nrnster 
are locat«i respecth^ty, and an auxiliary step of locating tfie rear lens unit between positions where ttie aperture stop 

so and the workplace are located respectively. 

[0037] Next a second microdevlce fabrication mettiod of the present invention is a method of fabricating a microde- 
vice having a predetermined circuit pattem, comprising: a step of projecting an image of the pattern onto tfie worlcpleoe 
to effect exposure thereof, using the tturd or fourth projection ^osure method of ttie present invention; and a step of 
developing the worfcpieoe after the prcje^^ion exposure. 

55 [003Q Next for accomplishing the foregoing first or seoon d object an eighth projection optical system of the present 
invention is a dioptric projection optical system for forming an Image of a pattem on a first surface, on a second surface, 
using light of a wavelength of not more than 2Q0 nm, comprising: an aperture stop; a firont lens unit located between 
the aperture stop and the first surface; and a rear lens unit located between the aperture stop and the second surface; 
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wherein, where y (kg) repnesents a tran^led amount of fliiorite of a disk member from an amount of fluorite among 
light-transmitting optical materials in the prpjectlon optical system, 12 (mm) a focal length of the rear lens unit, p a 
prcjedion magnification of the profsc^on optical systOTi, and NAw a nvodmum numerical aperture on the image side 
of the projection optical system, and where a parameter x is defined as follows: 

5 

x = f2'4|p|- NAw^ 

the following conditions are satisfied: 

70 

y£4x-200p 


y € (4x/13) + (1000/13). 


y^4x-440, 

2D and 

y go. 

26 [0039] A ninth prcjection optical system according to the present invention is a dioptric projection optical system for 
forming an image of a pattern of a first surface on a second surface, using light of a wavelength of not more than 200 
run, comprising: an aperture stop; a front lens unit locate between the aperture stop and the first surface; and a rear 
lens unit located tsetween the aperture stop and the second surface; wherein, where y (leg) represents a trenslated 
amount of a first material of a disk member from an amount of the first materia among light-transmitling optical materials 

30 in the projection optical system, f2 (mm) represents a focal length of the rear lens unit, p a projection magnification of 
tlie projection optical system, and NAw represents a maximum numerical aperture on the Image side dt the projection 
optical system, and wiiere a parameter x is defined m follows: 

^ x = f2-4|p|NAw^; 

the following conditions are satisfied: 

„ yS4x-200, 


yS(4x/13) + (1000/13), 


y S4X-440, 

and 


[0040] Fifth and sbdh fobricatton m^tiods of a projection optical system according to ttie present invention are meth- 
ods of fabricating the eighth and rtirrth projection optical systems, nespecthrely, of ttie present invention, which comprise 
55 a step of preparing a front lens unit, an aperture stop, and a rear lens unit, a step of locating the front lens unit between 
the aperture stop and tf^ first suriace, and a step of locating the rear lens unit between the aperture stop and ttie 
second surface. 
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Brief DescHptioffi of the Drawings 

[0041] Rg. 1 is an optical path diagram of a projection optical system acoording to a firet numerical example of the 
present Invention. Fig. 2 is an optical path diagram of a projection optical system acconding to a second numerical 

6 example of the present invention. Rg. 3 is lateral at^erration charts of the projection optical system of the first numerical 
example. Fig. 4 Is lateral aberration charts of the projection optical system of the second numerical example. Fig. 5 is 
a drawing to show the schematic structure of a proiectfon exposure appanatus according to an emtKxfiment of the 
pr^ent invention. Rg. 6 Is a flowchart to show an example of microdevlce liabricalion method of the present invention. 
Rg. 7 is a flovwchart to show another examjrfe of microdevice fabrication method of the present invention. In Rg. 8, (a) 

10 is a diagram to show the relation between parameter x and fluorite use amount y in embodiments of the fifth projection 
optical system of the present invention, and (b) is a view to show the relation between a lens and a disk member. Rg. 
9 Is a chart to show the relation between parameter x and use amount y of a first material in embodiments of the sixth 
prcjection optical system of the present invention. Rg. 10 is an optical path diagram of a projection optical system 
according to a third numerical example of the present Invention. Rg. 11 Is an optical path diagram of a projection optical 

IS system according to a fourth numerical example of the present invention. Rg. 12 is an optical path diagram of a pro- 
jection optical system according to a fifth numerical example of the present invention. Fig. 13 is an optical path diagram 
of a projection optical system according to a ^xth numerical example of the present Invention. Rg. 14 is an optical 
path (fiagram of a prelection opticai system according to a seventh numerical example of the present invention. Rg. 
16 Is lateral aberration charts of the projection opticai system according to the third numerical example of the present 

20 invention. Rg. 16 Is lateral aberration charts of the projection optical system according to the fourth numerical example 
of the present invention. Rg. 17 is lateral aberration charts of the projection optical system according to the fifth nu- 
merical example of tlie present invention. Rg. 18 is lateral aberration cterts of the projection optical system according 
to the sbcth numerical example of the present Invention. Rg. 19 is lateral aberration charts of the projection optical 
system according to the seventh numerical example of the present invention. Fig. 20 is lateral atwraibn charts of a 

26 projection optical system according to an eighth numerical example (the second numerical example) of the present 
Invention. 

Best Mode for Carrying out the Invention 

30 [0042] Preferred embodiments of the present inventkwi will be described with lefisrence to the drawings. Rg. 1 and 
Fig. 2 are opticai path diagrams of projection optical systems (whtoh will be also referred to as "projection optical system 
PL") according to examples of embodied forms of thefirst to seventii projection optical systems of the present invention. 
[0043] in Rg. 1 and Rg. 2, the projection optical system PL of the present invention is a dioptric projection optical 
system for Imagir^ a reduced Image of a pattern on a first surface A, onto a second surface B. The projection optical 

a$ system PL has a front lerisifliitGF of a positive refracting power 

An aperture stop AS is located in the vicinity of a rear local point of the front lens unit GF. The position of the aperture 
stop AS does not always have to t>e limited to the paraxial, near focus position of tiie front lens unit GF. For example, 
where th^e exists the field curvature of the pufxl of the projection optical system PL, a vignetting (eclipse) difference 
can occur in the image field with change in the aperture diameter of the aperture stop AS. in order to prevent or reduce 

40 tills vignetting difference, there are also cases wherein the position of the aperture stop AS is set to a position ofT the 
paraxial, rear focal pcdnt of tiie front lens unit GF (e.g., on the rear lens unit side from the paraxial, rear focal point). 
The aforementioned "vicinity of the near focal point" Is thus a concept also involving such off positions. In such cases, 
\he rear lens unit GR (fifth lens unit) represents an ^sembiy of a group of lenses located from the parsxlal pupil position 
of trie projection optical system PL to tiie second surface. 

46 [0044] in tiie examples of Rg. 1 and Rg. 2, the aperture stop AS is located between tiie front lens unit GF and the 
rsar lens until GR. 

[0045] The front lens unit GF has a first lens unit G1 of a negative refracting power, a second lens unit G2 of a positive 
refracting power, a third lens unit G3 of a negative refiBcting power, and a fourth lens unit of a positive refracting power 
in the order named from the first surface side. Accordingly, the projection optica! system PL of the present Invention 
so is also a projection optical system of a live-unit configuration consisting of tiie first lens unit G1 to fifth lens unit G5 of 
the negative, positive, negative, poative, and positive refracting powers. 

[004^ The projection optical system PL according to the embodiments of Fig. 1 and Fig. 2 is an optical system 
substantially telecentric on the first surface A side and on the second surfiice B side. Here "^tistantially teleoentric 
on the first surface side and on the second surface side" means that when a ray parallel to the optical axis Ax of the 
ss pfxqedion optical system is nmde incident from the second surface B side into the projection opticai system PL, an 
angle between the optical axis and this ray as emitted toward the first surface, is not more than 50 minutes. 
P)047] in the projection optical system of each embodiment, constructed in this way. even if there occurs a positional 
deviation in the direction along ttie optical axis of a reticle (masic) as a projection master or a photosensitive substrate 
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(a wafer, a plate, or the like) as a workpieoe, or a change of shape due to warped or the Glee of these projection master 
and woricf^eoe. It is feasible to control the magnification error and distortion of the image due to them to a smaD level. 
[004q In the projection optical system of each emtjodvnent, the fellowing condition is preferably satisfied: 


where f2 represents the focal length of the rear lens unit GR (or the fifth lens unit 65) and L the distance from 
the first surface A to the second surface B (object-Image distance). 

10 [0049] The atrave condition (1 ) is a fonnula defined for reducing chromatic aberration of the projection optical system, 
particularly, axial chromatic at>erration. In Ihe range below the lower limit of Condition (1), the focal length of the rear 
lens unit 6R (or the fifth lens urnt G5) becomes too shorL For this reason, the rear lens unit GR (or the fifth lens unit 
G5) produces extremely small quantity of axial chromatic aberration buK too large monochromatic at^errations, which 
are too difficult to correct, undesirably. For further satisfactory correction of the monochromatic aberrations except for 

15 the chromatic at^erration, it is preferable to set the lower limit of Condition (1 ) to 0.075, and for better correction of the 
moncchrorr^tic at>errations, it Is more preferable to set the lower limit of Condition (1) to 0.09. 
[0050] In trie range above the upper limit of Condition (1). the focal length of the rear lens unit GR (or the frfth lens 
unit G5) tiecomes too long. In this case, while ttie correction of the monochromatic aben-ations can be made well, the 
rear lens unit GR (or the fifth lens unit G5) ividesirat>ly produces larige axial chromatic aberration. In this case, it is 

20 necessary to nanw the wavelength band of the exposura light from the light source or add a refracting optical member 
for correction of chromatic at>erration to the projection optical system PL, which is likely to increase the loads on the 
light source or increase the cost of the projection optical system PL. For further suppressing occun^nce of axial chro- 
matic at)erration of the projection optical system, it is thus preferable to set the upper Gmit of Condition (1) to 0.12. 
PI051] When the exposure light is one of not more than 180 nm, only lirrdted kinds of radlatiorv-transmitting refractors 

25 can transmit the exposure light in this wavelength region and thus there is the possibility that the projection optical 
system PL Itself can not be established in the range over the upper limit of Condition (1). 

[0052] In the above structure, the projection optical system PL preferably has at least one surface of aspheric shape, 
ASP1 to ASP6. When Condition (1) holds, it is further preferable to construct the projection optical system PL so that 
it is provided with at feast sbc lenses having their respective refracting powers and so that when six lenses are selected 
30 in order from tiie first surface Aside (lenses L11, L12, L21, L22, L23, and L24 in Rg. 1 and Rg. 2) of tiie lenses having 
their respective refracting powers, at least one surface of the six lens^ is of an aspheric shape having a negative 
refracting power. 

[00$3] Describing this action, it is common practice to measure the aspheric surfaces by the NuH Test using an 
element that makes a specific wavefront, so called a null lens or the lil^ (wtuch will be called a "null eiemenfO- For 
36 making a wavefront matching an aspheric surface to be inspected, by a null element, tiie spheric surface better has 
a negative refuting power or Is concave, because it can prevent increase of the size of the null element and vicrease 
degrees of freedom for the wavefront off the aspheric shape to be made. 

[0054] If CorKfition (1) does not always hold, it is prefembie to constrtict the projection optical system PL so that it 
is provided witii at least three tenses having their respective refracting powers and so that when three lenses are 

40 selected in order from tiie first surface A side (lenses L11 , L12, and L21 in Rg. 1 and Rg. 2) of the lenses having tiielr 
respective refracting powers, at least one of the three lenses is of an aspheric shape having a negative refracting 
power. In thte case, fer maidng a wavefront matching an aspheric surface to be inspected, by a null element for the 
null test, it Is better for tiie aspheric surface to have a negative retracing power, i.e., to be concave, because it can 
prevent the increase of the size of the null element and increase degrees of freedom for the wavefront of the aspheric 

46 stiape to be made. 

[0055] As described previously, the projection optical system PL of each emt>odiment has the power layout of the 
negative, positive, negative, positive, and positive refiracting powers, and thus has the advantage off largely decreasing 
the number of lenses, as compared with the conventional projection optical systems of the 6-unit configuration having 
the power layout of positive, negative, positive, negative, posrtive, and po^tlve refracting powers. 

50 [0056] In the prpjectran optical system PL off each embodiment, let us consider a compos'rte optical system of the 
negative, first lens unit G1 and the positive, second lens unit G2, and let pi be a lateral magnification of this composite 
optical system (a composite lateral magnification of the first and second lens units G1 , G2), L1 be a distance from the 
first surface Ato the lens surface closest to the second surfiace B in the second lens unit G2, and L be a distance from 
tiie first surface A to tiie second surface B. Then the projection optical system prefsrably satisfies tiie fbikawing condl- 

ss tions(2}and(3). 


5 


0.065 <f2/L< 0.125 


(1). 


-1.3< VP1<0 


(2) 
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0.08 <L1/L< 0.17 


(3) 


[0057] The above condition (2) la a condition delined for accomplishing good aberration correction in the entire field 
s (the entire Image field) of the projection optical system PL. As apparent from Condition (2) , the composite optical system 
of the first and second lens units G1 . G2 In the projection optical system PL of each embodiment, converts a diverging 
beam from the first surface A Into a sl'^htty converging beam. 

piosq In the range below the lower limit of Condition (2), the beam oonverging action In this composite optical system 
61 p Q2 becomes too strong, so as to increase at^erration, particularfy, aberration concerning angles of view, which 
10 undesirably makes it dIfRcult to ensure the sufRcient image field of the projection optical system PL. For further sup- 
pressing occurrence of the aberration concerning angles of view, it is preferable to set the lower limit of Condition (2) 
. to -1.10. 

[0059] In the rarige above the upper limit of Condition (2) on the other hand, the negative refracting power of the first 

lens unit G1 becomes too wealc. so as to degrade the Petzval sum of the projection optical system PL, which undesiratily 
IS malces it difficult to ensure the suffident image field of the projection optical system PL. For better correction of the 

Petzval sum of the projection optical system PL, it is pneferable to set the upper fimit of Condition (2) to - 0.42. 

[0060] Condition (3) is a formula as a premise of above Condition (2) and defines the position of the composite optical 

system 6 1 , G2 of the first and second lens units. It is preferable herein to set the lower limit of Condition (3) to 0. 1 and 

the upper limit of Condition (3) to 0.15. 
20 [0061] The composite optical system G 1 . G2 of the first and second lens un'rts preferably has at least two lens surfaces 

of aspheric shape, ASP1 to ASP3. It is feasible to correct field curvature, cfistortion, spherical aben^tion of pupil, etc. 

well by the action of the aspheric surfaces ASP1 to ASP3 in this composite optical system G 1 , G2. 

[0062] The composite optical system Gi , G2 of the first and second lens units is preferably composed of ten or less 

lenses. This configuration makes It fisasltile to ensure the transmittance of the projection optical system PL, reduce 
26 occun'ence of flare, and decrease the cost In production. 

[0063] The projection optical system PL of each enr^odlment preferably satisfies the Ibliowing condition: 


where C is a total thickness atong the optical axis of radiation-transmitting refractors (lenses and paralleHTlane 
plates) located in the optical path of the projection optksal system PL and L the distance from the first surface A to the 

second surface B. 

[0064] The atx)ve condition (4) is a formula defined in order to achieve both the satisfactory transmittance of the 
35 proJectkMi optical system PL and ttie stable imaging performance of the projection optical system PL 

[0065] In the range below the lower limit of the atxsve condition (4), spadngs of gas between the radiatiorvtansmrttvig 
refractors making the projection optical system PL become too long, so that variation in the properties of this gas (e. 
g., occun^nce of variation of refractive index due to temperature variation, pressure variation, etc., oocun^noe of 
fluctuation, and so on) can undesirably cause variation of the imaging performance, in order to further improve the 
40 stat>ifity of the imaging perfbnnance against the environmental variations, rt is preferable to set the lower limit of Con- 
dition (4) to 0.52. 

[0066] In the range over the upper limit of the above condition (4), while Improvement is made in tiie resistance of 
the projection optical system PL against the environmental variations, it undeslratriy becomes difiicult to yield the sat- 
isfactory transmittance. In order to further ensure the satisfactory transmittance, it is preferable to set the upper limit 
45 of Condition (4) to 0.625. 

[0067] In the structure satisfying the above condition (4), the projection optical system PL preferably has at least one 
aspheric surface, ASP1 to ASP6. This makes It feasible to sufRciently enhance the initial imaging performance and 
ensure the satisfactory transmittance and the stability against ttie environmental variations. 

[0068] The projection optrcal system PL of each embodiment preferably has at least three lens surfaces of aspheric 
so shape. ASP1 to ASP6. This structure permits good aberration correction to t>e made across the entire field (the entire 
Image field) under the configuration including the relatively small number of lenses (i.e., amount of glass). 
[0069] It is, howev^. noted that it is not preferable to increase the number of the aspheric lens surfaces ASP1 to 
ASPG more tiian necessary, and the following condition Is preferably satisfied: 


0.46 <Cfl.< 0.64 


(4). 


55 


(5), 


0.15 <Ea/E< 0.7 


where E Is the total number of meml)ers having their respective refracting powers (lens elements) among the 
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rBcfiation-transmiiting relractars in the projection optical system PL and Ea the total number of members provided with 
the aspheric lens surfiaoes ASP1 to ASP6. 

[0070] The ubove condition (5) is a tbrmula for defining the optimum range of the numt>er of the aspheric lens surfaces 
ASP1 to ASP6 in consideration of production of the projection optical system PL. The degree difficulty in production 

5 of the aspheric lenses is higher than that of spherical lenses and there are tendencies to make large eccentric errors 
between front and back surfaces of the aspheric lenses, and targe errors of profile irregularity. Accordingly, In production 
of the projection optical system PL, it is prefenable to optimize the Imaging performance of tlie projection optical system 
Pl^ by compensating for the errors of the aspheric lenses by adjusting the position and posture of the spherical lenses 
and adjusting the surface profiles of the splierical lenses. 

10 [0071] in the range over the upper limit of the above condition (5), the aberrat'on appears too large due to the errors 
of the aspheric lens surfaces ASP1 to ASP6 and the number of spherical lenses is also small, so that it becomes 
<fifRcult to oorrect the aberration due tothe errors of the aspheric surfaces ASP1 to ASP6 by the adjustment of the 
positton and posture and the ac^ustment of the profiles of the ^herlcai lenses. For further facOitating the production 
of the projection optical system PL, it is preferable to set the upper lirYUt of Condition (5) to 0.42. 

IS [0072] I n the range below the lower limit of the atx)ve condition (5) on the other hand, whiie the numl>er of the aspheric 
lens surfaces Is small and the production of the projection optical system PL is easy, it becomes difficult to implement 
good aberration correction across the entire field (the entire image field) and the amount of necessary glass materials 
Is increased for production of the projectU3n optical system PL, undesirably. In order to implement better aberratk>n 
correction and decrease the amount of glass, It is preferable to set the tower limit of Condltton (S) to 0^. 

20 [0073] In the projection optical system PL of each emt^odlment, the total number of the memtiers having their re- 
spective refracting powers O^ns elements) among the radiation-lransmitting refractors making the projection optical 
system PL, Is pref&rat>}y not less than 16. This makes it feasible to increase the numerical aperture on the image side 
(onthe second surface B side) of the projection optical system PL and implement projection exposure of finer patterns. 
When the above condition (5) is met and when the total number of the lens elements is not less than 16, there is the 

25 advantage of ensuring the suffnient number of spherical lenses for correcting the aberration due to the errors of the 
aspheric lenses. 

[0074] In the projection optical system PL of each emtodiment, the total number of the meml>er3 having their re- 
spective refracting |30wers (lans elements) among the radiation-transmitting refractors making the projection optical 
system Pi^ is pref^rat>ly rK>t more than 26. This is effective in increasing the transmittance because of decrease in 
30 thkdcness of the radiation-transmitting refractors making the prpjedion optical system PL. In addftion, it decreases the 
numt)er of opttoal Interfaces (lens surfaces) and thus decreases losses In quantity of 11^ at the optical Interfaces, thus 
Increa^ng the transmittance of ttie entire system. 

[007^ In the embodiment of Rg. 1 , the rBcfiation-trensmitting refractors in the projection optical system PL are made 
of a single kind of material. This permits reduction in the production cost of the projection optical system PL. In particular, 
3^ when the projection optical system PL Is optimized for the exposure light of not more than 160 nm, the above construc- 
tion is ^Tective, because there are only limited glass materials with good transmittance for the exposure light in this 
wavelength region. 

[0076] In the emt>odirnent of Rg. 2, the radiation^ransmitting refractors in the projection optical system PL include 
first radiation-transmitting refractors made of a first material and second radiation-transmitting refractors mads of a 
40 second material. In ttus case, a percentage of the numt>er of the second radlatk)rv4ransmitting r^ractors to the numt>er 
of the members having their respective refracting powers among the radiation-lr^smitting refractors, is preferably rrat 
more than 32%. 

[0077] In particular, when the exposure light is one in the vacuum ultraviolet region of not rrorethen 200 nm, materials 
are limited to some kinds of glass materials with good transmittance for the exposure light in this wavelength region. 

46 These glass materials also involve those requiring high production cost and high machining cost for fonnation of lens. 
Conceming ttie atxive high-cost glass materials, It is difficult to enhance the accuracy In processing Into lenses and it 
is a drawback in seeking for higher aocuracy of the projection optical system PL, i.e., higher imaging performance. 
From this viewpoint, when the protection optical system PL is produced using plural kinds of glass materials and when 
the above percentage is controlled to rtot more than 32%, It Is feasible to achieve both reduction of production cost 

50 and improvement in the imaging performance. The at)ove percentage is preferably not more than 16% and more 
preferably not mors than 11%. 

[0078] Numerical embodiments will be described below. 

{Q07S] Rg. 1 is the optical path diagram of the projection optica system PL according to the first ernbodiment 
[OOSO] The projection optical system PL of the first embodiment uses the wavelength of 157.62 nm supplied from 
S5 the band-rmrrowed F2 laser, as a reference wavelength and the chromatk: aberration is corrected in ttie range of the 
wavelength t>and ±0.2 pm for the reference wavelength. In the first embodiment, all the radiation-transmitting rafractors 
Qenses L11 to L57) in the prq|ectk>n optk»l system PL are made of fluorite (calcium fluoride, CaF^. 
[0081] As shown In Fig. 1 , the prcjectton optk»l system PL of the first embodiment has the front lens uriit GF of the 
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positive refracting power, the aperture stop AS, and the rear lens unit GR of the po^tlve refracting power in the order 
named from the first surface A sde. According to another grouping, the projection optical system PL of the first em- 
bodiment has the negative, first lens unit G1 , the positive, second lens unit G2, the negative, thinj tens unit G3, the 
positive, fourth lens urtit 64, the aperture stop AS, and the poslttvep frfth lens unrt 65 In the order named from the first 

9 surface A side. 

[0082] The first lens unit G1 hasa negative lens L11 of the biconcave shape and a negative lens L12 of the meniscus 
sfiape wHh a concave surfiace facing to the first surface A side, and these negative lenses L11 , L12 make a gas lens 
of the biconvex shape. Here the lens surface on the first surface A side of the negative lens L11 and the lens surfiace 
on the second surface B side of the n^atlve iens L12 are constructed in the aspheric shape. 

10 [0083] The second lens unit G2 fws four positive lenses 1.21 to L24 of the t^iconvex shape. IHere the lens surface on 
the first surface A side of the positive lens LZA dosest to the second surface B is constructed in the aspheric shape. 
[P084] The third lens unit G3 Iw three negative lenses L31 to L33 of the biconcave shape and these negative lenses 
L31 to L33 mal» two gas lenses of the t>loonvex shape. Here the lens surface on the second surface B sicte of the 
negative lens L33 closest to the second surface B is constructed in the aspheric shape. 

IS [0085] The fourth lens unit G4 has two positive lenses L4 1 , L42 of the meniscus shape with a concave sfiape facing 
to the first surface A side, and a positive lens L43 of the biconvex shape in the order named from the first surface A side. 
[0086] The fifth lens unit 65 has a negative lens L51 of the biconcave shape, two positive tenses L52, L53 of the 
biconvex sfiape, three positive lenses LS4 to L66 of the meniscus shape with a convex surface facing to the first surface 
A side, and a positive lens L57 of the planoconvex shape. Here the lens surface on the second surface B side of the 

20 positive lens L56 is constructed in the asptieric shape. 

[0087] Rg. 2 is the optical path diagram of the projection optical system PL according to the second embodiment 
[0088] The projection optical system PL of the second embodiment uses the wavelength of 193.306 nm supplied 
from the band-narrowed ArF laser, as a reference wavelength and implements correction for chromatic at>erFa1ion in 
the range of the wavelength t>and ±0.4 pm for fh& referenoe wavelength. In the second emtxMiiment, the radiation- 

^ transmitting refractors in the projection optical system PL are made of alica glass (synthetic quartz) and fluorite. 

[0089] As 9!hcwn In Fig. 2, the projection optical system PL of the second embodiment has the front lens unrt OF of 
the positive refracting power^ the aperture stop AS, and the rear lens unit GR of the positive refracting power In the 
order named from the first surface A ^de. According to anotfier grouping, the projection optical system PL of the first 
embodiment has tfie negative, first lens unit G1, the positive, second iens unit G2, the negative, third lens unit G3, the 

^ positive, fourth lens unit G4, the aperture stop AS, and the positive, fifth iens unit G5 in tfie order named from ffie first 
surf^ A side. 

[0090] The first lens unit 61 hasa negative lens L11 of the biconcave shape and a negative lens L12 of the meniscus 
sfiape with a concave surface facing to the first surface A side, in the order named from the first surface A side, and 
these negative lenses L11. L12 make a gas iens of the biconvex shape. Here the lens surface on the second surface 

^ B side of the negadve lens L11 and the lens surface on the second surface B side of the negative lens LI 2 are con- 
structed In the aspheric sliape. These two negative lenses L11, LI 2 are made both of silica glass. 
[0091] The second lens unit G2 has three positive lenses L21 to L23 of the biconvex shape and a positive lens 1^4 
of the meniscus shape with a convex surface facing to the first surface A side, in the order named from the first sur^ce 
A side. Here the lens surface on the second surface side of the positive lens 1-21 closest to the first surface A is 

^ constructed In the aspheric shape. In ttie second lens unit G2, the three, biconvex, positive lenses L21 to L23 are made 
of silica glass, and the positive lens L24 of ttie meniscus shape Is of iluorfte. 

[0092] The third iens unit G3 has three negative lenses L^1 to L33 of the biconcave shape, and these negative lenses 
L31 to 1-33 make two gas lenses of the biconvex shape. Here the lens surfece on the first surface A side of the negative 
iens L33 closest to the second surface B Is constructed in the aspfieric shape. AD the negative lenses L31 to L33 in 

^ the third lens unit G3 are made of silica gl^s. 

[0093] The fourth lens unit G4 has a positive lens 1j41 of the meniscus stiape with a concave shape facing to the 
first surface A skJe, a positive lens L42 of the planoconvex sfmpe with a convex surface facing to the second surface 
B side, and a positive lens L43 of the meniscus shape with a convex surface fiacing to the first surface A side. In the 
order named frem tfie first surface A side. Here the three positive lenses L41 to L43 are made all of silica glass. 

so [0094] The fifth lens unit G5 has a negative lens L51 of the meniscus sfiape with a convex surtece facing to the first 
surface A side, a positive iens 1.52 of tfie biconvex shape, four positive lenses L53 to L56 of the meniscus shape with 
a convex surface facing to the first surface A side, and a negative lens L57 of the planoconcave sfiape with a concave 
surface lacing to tfie first surface A side, in the order named from the first surface A side. Here the lens surface on tfie 
second surface B side of the negative lens L51 of the meniscus shape and the lens surface on the second surface 

55 side of the po^tive lens L56 of the menisci^ sfiape are constructed in the aspheric shape. I n the fifth lens unit G5, the 
positive lens 1.52 of the biconvex sfiape is made of fluorite and the rest lenses L51 . L53 to L57 are of silica glass. 
[009S] Wfien the siGca glass (synthetic quartz) and fluorite are used as lens materials (glass materials), as in the 
case of tfie projectkMi optical system PL of the second emtiocSment, tlie lens surface of tfie spheric shape are pref- 
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erably formed in tha lenses of slGca glass. 

[praQ Table 1 and Table 2 below provide the specifioations of the projection optical system PL of the first and second 
embodiments. In Tal>le 1 and Table 2, the left end column indicates numbers of the respacUve lens surfaces from the 
first surface A, the second column radii of curvature of the respective lens surfaces, the third column surface spacing s 
5 from each lens surface to a next lens surface, the fourth column lens materials, the fifth column symbols of the aspheric 
surfaces, and the sbdh column symt>ols of the respective lenses. A radius of curvature in the second column for each 
aspheric lens surface represents a radius of curvature at a vertex thereof. In Table 2, represents a dear aperture 
diameter of each lens surface. 

[0097] The aspheric sl^pe is expressed by Eq. (a) t>elaw. 

10 

Z(Y}= =^=+Ay'+Sy*+CY*+Dy^'^+EY"+Fy^^ (a) 

IS Y: height from the optical axis 

z: distance along the direction of the optical axis from a tangent plane at the vert^ of each aspheric surface to 

the aspheric surface 

n radius of curvature at the vertex 

c confcal coeffident 
20 A, B, C, D, F: a^>haric coefficients 

\Q09S} I n the last part of Table 1 and Table 2 there are presented the conical coeffictent k and the aspheric coefficients 
A, B, C, D, E, F for each aspheric surlace as [aspheric data]. 

PI099] The prGjecUon optical system of the first embodiment uses fluorife as the lens material (glass material) and 
^ the second embodiment silica glass (synthetic quartz) and fluorite. 

[0100] The refractive Index of fluorite at the reference wavelength (157.62 nm) of the first emlKXIiment Is 1.5593067 
and a change of refractive index per the wavelength + 1 pm(dispersion) is -2.6 x 10-^. 

[0101] In the second embodiment the refiractive index of alica glass (synthetic quartz) at the referenoe wavelength 
(193.306 nm) is 1.5603261 , and a change of refractive index per the wavelength 1 pm(dispersion) is -1.59 X 10~^. 
^ Further, tlie refractive index of fluorite at the reference wavelength (1 93.306 nm) is 1 .501 4548 and a change of refractive 
ind^ per ttie wavelength ■•- 1 pm(dispers{on) is -0.98 X 10^. 

[0102] In Table 1 and Table 2 below, SIO2 represents silica glass, CaF2 represents fluorite, dO represents the distance 
from the first surface A to the surface closest to the first surlace A, WD represents the distance from the surface closest 
to the second surface B, to tfie second surface B (woricpieceing distance), p represents the prcjection magnification, 
39 NA represents the numerical aperture on the second surface B side, and 0 represents the diameter of the image circle 
on the second surface B. 
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STABLE 1» 

First Embodiment (Fig. 1) 
d 0 = 40.6446(iBm) 
WD - 10.8134(iBm) 

n I = r/-4 - ' - - • ~ • • - 

NA = 0 . 7 5 
0 ~ 23(iBm) 

Radius of Surface Glass Aspheric Lens 
curvature distance surface 
(bi) (mm) 

1: -446.6132 12.0000 CaF, ASPl Lll 
2: 554.7232 22.5800 

3: -92.3259 46.8618 CaF, L12 
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23 • 

245 0000 

38 2977 

CaF^ 


L43 

24" 

-522-0290 

1.0000 




25: 

oo 

17.3237 



AS 

26: 

-268-6720 

20.2571 



L51 

27: 

312,7719 

6.2767 


ASP5 


28: 

421.1502 

30.5995 

CaFa 


L52 

29: 

-570.5232 

1.0000 
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ou , 















33: 

993*1946 

Id. |400 



o4: 


oU.UUUU 

Pol? 

Loo 

35: 

182.3029 

1.4636 



36: 

100.1446 

20.5148 

CaFa 

L56 

37: 

166.7499 

6.9737 


ASP6 

38: 

23871.5667 

36^7374 

CaFa 

L57 

39: 

oo 

(WD) 




[Aspberic Data] 


ASPl 

K : 0.000000 

A : 0. 193140 X 1 0 

B : -0.824604X 1 0-** 

C : 0.290280 X 1 0"*' 

D : -0.163368X 1 0"*' 

E : -0.748150X 1 0""' 

F : 0.191873X 1 O"" 


ASP2 


K : 0.000000 

A : 0.489084X 1 0-' 


ASP4 


K 

: 0.000000 


A- 

: 0. 103662 X 1 0 


6 

: -0. 141741 X 1 0 

- I 0 

C 

: 0.495429 X 1 0 

-15 

D 

: 0.567158X 1 0 

-X9 

E 

: -0.655441 X 1 0 

-83 

F 

: 0.227245 X 1 0 

-27 


ASP5 


fc : 0.000000 

A : 0.166512X 1 0"' 
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ro 


B 

: -0.220486 X 1 0 

-11 

B 

: 0.572516 X 1 0 

-IS 

C 

: 0. 962305 X 1 0 

-It 

C 

: -0. 931419 X 1 0 

-17 

D 

: -0.287934 X 1 0 

-20 

D 

: -0.141990X 1 0 

-3 J 

E 

: 0.318426 X 1 0 

-is 

E 

: 0.347373 X 1 0 

-26 

F 

: 0.736564 X 1 0 

-3 0 

F 

: -0.357575 X 1 0 

-3 1 


ASP3 


ASP6 


IS 


35 


40 


SO 


S5 



K 

: 0.000000 


K 

: 0.000000 

20 

A 

: -0.350067 X 1 0 

-« 

A 

: -0.827300 X 1 0"'' 


B 

: -0.254455 X 1 0 

- I z 

B 

: -0. 150446 X 1 O"*" 


C 

: -0.464126 X 1 0 

-IT 

C 

: -0.119559X 1 0"^* 

25 

D 

: -0.307104 X 1 0 

-2 1 

D 

: -0.367677X 1 O"*' 


E 

; -0.247414 X 1 0 

-Z 1 

E 

: 0. 140360 X 1 0"" 

30 

F 

: -0.475856 X 1 0 

-a 0 

F 

: 0.443761 X 1 O"'' 


' STABLE 2»' ■ • 

Second E&bodiment (Fig. 2) 

d 0 = 50.2691(]Da} 

WD = 12.7196(mo) 

1 0 I =1/4 

NA =0. 7 5 
0 =26.6<mm) 


Radius of Spacing Glass 
curvature 
(mm) (mm) • 


Aspheric Lens 
surface 


(mm) 
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1: 

-310.0151 

14.1998 

Si0 2 


Lll 

61.615337 

5 

2: 

303.6996 

31.5711 


ASPl 


66.565666 


3: 

-100.7999 

43.9802 

Si0 2 


L12 

66.983185 

10 

4: 

-223.9596 

9.5226 


ASP2 • 


93.367592 

5: 

723.6127 

40.8525 

Si0 2 


L21 

116.401726 


6: 

-326.4452. 

1.4173 


ASP3 


120.452324 

IS 

7: 
8: 

1771.0971 
-289.4624 

46.9449 
104.4363 

Si0 2 


L22 

127.712166 
129.745331 

20 

9: 
10: 

315.8237 
-982.0234 

54.1717 
5.9069 

Si0 2 


L23 

129.661499 
126.792755 


11: 

177.1899 

46.2445 

CaF2 


L24 

109.210121 

25 

12: 

2145.8394 

52.0242 




103.951401 


13: 

-383.7553 

14.4116 

Si02 


L31 

70.429657 

30 

14: 

103.2214 

24.7417 




57.789726 


. 15: 

- -406,0024 

- 33.8665 

Si02 


L32 

. 57.333916-^ 

35 

16: 

264.3030 

20.2564 




55.370338 


17: 
iS: 

-130.6551 
243.2466 

36.7937 
22,7571 

Si02 

ASP4 

L33 

55.433979 
68.153618 

40 

19: 
20: 

-214.9802 
-138.6461 

30.3809 
1.6720 

Si0 2 


L41 

69.129860 
78.097023 

46 

21: 
22: 

-503.4971 

21.7611 
3.2133 

Si0 2 


L42 

88.842262 
92.214386 

SO 

23: 

300.0000 

39.0994 

Si0 2 


L43 

100.787971 

24: 

1276.4893 

64.3575 




101.914116 


25: 

oo 

17.6348 



AS 

107.438789 
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9fi ■ 


» f 3 



liU I 

lie . %}*nQ to 

Z7: 


1 .UUilU 


/LOT 0 


1 1 A nAP7fi^ 

1 14 • uw 1 oo 

6o: 


W. 61011 

Pol? O 




29: 

-377.2840 

5.8246 




115.519508 

30: 

312.6914 

30.91d5 

SiO 2 


X CO 

115.577393 

31: 

1319.1903 

24.0395 




113.770447 

32: 

272.3437 

35.8174 

SiO 2 


L54 

t A^ Armrarf A 

107.279770 

33: 

2421.5392 

21.5533 




103.251373 

34: 

111.2389 

35.3044 

SiO 2 


155 

AA AAJ^AJ 

82.084534 

35: 

217.9576 

8.7809 




74.716202 

36: 

117.8762 

24.0827 

SiO 2 


L56 

63.873623 

37: 

206.3743 

8.3992 


ASP6 


55.041325 

38: 

-4906.7688 

47.4235 

SiO 2 


L57 

53.879700 

39: 

oo 

(WD) 




27.722666 


--CAspherie BataD 


ASPl ASP4 


fC 

0.000000 


K 

: 0.000000 


A 

: -0. 140916X 1 0 

-« 

A : 

: -0.879103 x 1 0 

-7 

B 

0. 565597 X 1 0 

-It 

B : 

0. 950068 x 1 0 

-12 

C , 

: -0.301261X 1 0 

~ts 

C : 

0. 184679 x 1 0 

-IS 

D : 

: -0. 207339 X 1 0 

-19 

D : 

0. 197968 X 1 0 

-19 

E 

0. 554668 X 1 0 

-2 3 

E : 

0.107088 X 1 0 

-23 

F ■ 

: -0.585529x 1 0 

-21 

F : 

-0.173148 X 1 0 

-2 7 
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40 


5 

ASP2 




n nnnnn/i 


A ■ 

U.olSDUUX 1 U 

10 

B : 

-0. 616429 X 1 0"' = 


C : 

-0. 170315 X 1 0-** 

IS 

D : 

0.486911 X 1 0-'" 


E : 

-0.144218X 1 0-** 


F : 

0. 926412 X 1 0-*' 

20 




ASP3 


25 


0 on 0000 


A : 

0.263695 X 1 0 ^ 

30 

B : 

0.676253 X 1 0"'' 


C : 

-0. 828213 X 1 0-'^ 

39 

D 

-Q:121949x X a"" 


E : 

0.572412X 1 0-'« 


F : 

-0.806708 X 1 0'" 


ASPS 


K : 

0.000000 


A : 

0.401293 X 1 0 

-8 

B : 

0.300603 X 1 0 

-12" 

C ; 

-0.310130 X 1 0 

-17 

D : 

0.269304 X 1 0 

-22 

E : 

-0.108809-X 1 0 

-21 

F : 

0. 341338 X 1 0 

-3 2 

ASP6 

/c : 

0.000000 


A : 

-0. 141220 X 1 0 

-7 

B : 

-0.760266 X 1 0 

-11 

C : 

-0.429061 X 1 0 

-IS- 

D"~ : 

10ri79175x 1 0 

-zo 'k 

E : 

0.705845 X 1 0 

-23 ^ 

F : 

-0.321978 x 1 0 

-Z7 M 


I 


[01 03] Now numerBis oorrssponding to the conditions tn the respective embodiments are presented in T^e 3 beiow. 

«TABLE 3» 


50 


55 




1/pl 

L 1/L 

CfL 

Ea/E 

(1) 

(2) 

(3) 

(4) 

(5) 

Embodiment 1 
Embodiment 2 

0.108 
0.111 

-0.74 
-0.88 

0.120 
0.121 

0.604 
0.576 

0.316 
0.316 


[0104] As shown in Table 3 atxsve, the first and second embodiments lx)th sattely the foregoing condltons. 
[0105] Next, Fig. 3 and Fig. 4 show the lateral aberration charts on the second surface B of the proj^on optical 
system PL according to the first and second embodiments, respectively. jK 
[0106] Fig. 3(A) Is a lateral aberration chart in the meridional direction at the image h^ght^Y = 11 .5. Fig. 3(B) a lateral 
aberration chart in the meridional direction at the image height Y = 5.75. Rg. 3(C} a laterai at}erTBtion^iart in the 
meridional (firection at the image height Y = 0 (on the optlcai axis), Rg. 3(D) a lateral aberration chart Ir^ 
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direction at the image height Y = 11.5, Rg. 3(E) a lateral aberration chart In the ragittal direction at the image height 

Y = 5.75, and Rg. 3(F) a lateral aberration ctert in the sagittal direction at the image height Y = 0 (on the optical axis), 
in each of the lateral abeiration charts of Rg. 3(A) to Rg. 3(F). b solid line represents an aberration curve at the 
wavelength X = 157.62 nm (reference wavelength), a dashed line an aberration curve at the wavelength X = 157.62 

5 nm + 0.2 pm (reference wavelength + 0^ pm), and a chain line an at>efration curve at the wavelertgth X = 157 .62 nm 
- 0.2 pm (nefe pence wavelength - 0J2 pm). 

[0107] Rg. 4(A) is a lateral al)errBtlon chart in the meridional difBCtion at the image height Y = 1 3.3, Rg. 4(B) a lateral 
at>erratjon chart In the meridional direction at the Image height Y = 6.65, Rg. 4(C) a lateral aberration chart in the 
meridional direction at the image height Y = 0 (on the optical axis), Rg. 4(D) a lateral aben^tlon chart in the ^glttal 
10 dtr^dion at the image height Y = 13.3, Rg. ME) a lateral aberration chart in the sagittal direction at the image height 

Y = 6.65, and Rg. 4(F) a lateral aberration chart in the sagittal direction at the image height Y = 0 (on the optical axis). 
In each of the lateral abanatlon charts of Rg. 4(A) to Rg. 4(F). a solid line represents an aberration curve at the 
wav^ength X = 193.306 nm (reference wavelength), a dashed line an aberration curve at the wavelength X = 193.306 
nm + 0.4 pm (reference wavelength + 0.4 pm), and a chain line an aberration curve at the wavelength X = 193,306 nm 

IS - 0.4 pm (referertoe wavelength - 0.4 pm). 

[0108] As apparent from Fig. 3, in the projection optical system PL of the first embodiment, excellent correction for 
chromatic at>erra1ion is actueved across the wavelength region of ±0.2 pm, though the system Is constructed using 
only the single kind of glass matenal, in the wavelength region of not more than 180 nm. 

[0109] A3 also apparent from Fig. 4, In the projection optical system PL of tt\e second embodiment, exoellent cor- 
20 nsction for chromatic akserration Is achieved across the wavelength re^on of ±0.4 pm, though the system is constructed 
using only the small number of lens elements for correction of chromatic abenation (approximatety 10% of all the lens 
elements), In the vacuum ultraviolet wavelength region of not more than 200 nm. 

[01 10] The projection optical system PL of the first emtx>diment tias the circular image field having the diameter of 
23 mm and can ensuro the rectangular exposure region having ttie width of 6.6 mm in the scanning direction and the 
2S width of 22 mm In the direction perpendicular to the scanning direction, in the image field. The projection optical system 
PL of the second emlKXllment h^ the circular image field taving the diameter of 26.6 mm arKJ can ensure the rectan- 
gular exposure region having the width of 8.8 mm In the scanning direction and the width of 25 mm In the direction 
perpendicular to the scanning direction, in the image field. 

Pllll] In the next place, examples of preferred forms of the eighth and ninth prelection optical systems aocx>rding 
30 to the present invention will be descrit>ed below. Rg. 1 0 to Fig. 14 are the optical path diagrams of the projection optical 
systems according to the embodiments of the eighth and ninth projection optical systems of the present invention. It 
is, however, noted that the prcjecUon optical systems of Fig. 1 and Rg. 2 described above can be Included In the 
embodiments of the eighth and ninth projection optical systems of the present Invention in certain cases, as described 
hereinafter. 

36 [01121 In Fig. 10 to Rg. 14, the projection optical systems of the examples (which wiD be also referred to hereinaflBr 
as "projection optical system PL") are dioptric projection optical systems for forming a reduced image of a pattern on 
the first surface A, onto the second surface B. When these projection optical systems are applied, for examplOp to the 
prx:jection exposure apparatus for fet>rication of »mioonductor devices, a pattern surface of reticle R as a projection 
master (masic) Is placed on the first surface A, and a photoresist coating surface (exposure surface) of wafer W being 

40 a substrate to t>e exposed as a wortcpiece, lis placed on the second surface B. TTie projection optical systems liave a 
front lens unit GF of a positive rioting power, a rear lens unit GR of a positive refiBCting power, and an aperture stop 
AS In the vicinity of a rear fiscal point of the front lens unit GF. The position of the aperture stop AS does not always 
have to be limited to the paraxial, rear focal point of the front lerw unit GF. This Is similar to the cases of the emtxxjOments 
of Rg. 1 and Fig. 2. In this case, the rear lens unit GR represents an assembly of a group of lenses located from the 

45 paraxial pupil position of the projection optical system to the second surface B. 

[01 13] In the ^camples of F^. 10 to Rg. 14, the aperture stop AS Is located b^ween the front lens unit GF and the 
rear lens unit GR. 

[0114] The projection optical systems in the examples of Fig. 10 to Fig. 14 are optical systems that are substantially 
telecentric on the first surface A side and on the second surface B side, as in the case of the examples of Fig. 1 and 
» Rg. 2. As a result, in the projection optical systems of the examples, even if there occurs the positional deviation in 
the direction of the oi^cai axis of the reticle (mask) as a prrsjection master or the photosensitive substrate (wafer, plate, 
or the like) as a workpieoe, or the profile change due to warped or the like of these prpjectlon master and workpiece, 
it is also feasible to decrease the magn'rfication error and distortion of inrmges due to them. 

[0115] In the projection optical system according to an emtx>diment of the eighth projection optical system (the filth 
S5 projection exposure apparatus or the third prqection ^cposure method) of the prraent invention, the exposure light is 
one having the wavelength of not more than 200 nm and, letting y (leg) be a translated amount of fluorite of a disk 
member from an amount (use amount) of fluorite (GBF2) among the radiation transmitting optical materials in the pro- 
jection optical system, f2 (mm) be the focal length of the rear lens unit GR, and NAw be an image-side maximum 
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numerical apsrtuTQ of the projection optical system, a parameter x (mm) is defined as follows. 

x = CZ-4|p|NAw^ (10) 

s 

[0116] In this case, as shown in Rg. 8(b), a disk member D of a lens L used in the projection optical system is a 
cylindrical member used In fabrication of the lens L When r^ represents an effective radius (a radius of clear aperture) 
of the lens L (the lariger of those on the entrance side and on the exit ^de) and dS a holding width for stably holding 
the lens L, a radius r^ of the dislc member D is given by (r^ + dS) and the length of the disk member D by a length of 
'0 a cyfinder circumscribed about the lens L. Accordingly, the translated amount y of fluorite of the disk member from the 
use amount of fluorite consequently represents the total amount of fluorite used in fabricartlon of the projection optical 
syst^n. 

PI117] In the present example the holding width dS is 8 mm. Under these circumstances, the optical system of the 
example is configured to satisfy the following oonditions. 


IS 


20 


yS4x-200 (11) 
y ^ (4X/13) + (100(V13) (12) 
yg4x-440 (13) 


y S 0 (14) 

[0118] Fig. d(a} shows the relation between the parameter x and the fluorite amount y (the use amount reduced to 
the disk member) in the embodiment of the present invention, and in this Fig. 8(a}, stiBight lines B1, B2. B3. and B4 
» Indicate a line (y = 4x - 200), a line (y = (4x^13) + (10(XV13)), a line (y = 4x - 440), and a line (y = 0), respectively. The 
range of (x, y) satisfying the conditions of Eq (11) to Eq (14) consequently Is the ledan^lar region B5 surrounded by 
the lines B1 , B2, B3, 84 of Fig. 8{b). 

[01 iq The chromatic at>erTatk}n of optical system is usually corrected by adequately combining optical materials of 
different dispersions (conventional correction techraque). However, when the exposure light is light in the wavelength 

^ region of not more than 200 nm (vacuum ultravtol^ radiation} as In the present example, optical materials (iight-trans- 
nrntting optical materials) for the lenses (Including the parallel-plane plates fbr conection of aberratk^n and the like) 
trBnsmrttIng the exposure light are Gmited in kind. Specifically, pracUcaliy applicable materials for the combination of 
plurel optical materials of mutually diffierent dispersions in the wavelength region of approximately 170 to 200 nm are 
sDica glass (synthetic quartz) and fluorite. Since fluorite is produced in the small volume of production and is ^cperksive, 

^ it Is desirable to decrease tte use amount y of fluorite to as low as possible In order to decrease the pioductkm cost 
of the projection optical system and eventually decrease the production cost of the projection exposure apparatus 
provided therewith. 

[0120] Then the inventor considered applying the technique of correcting the chromatjc abenralion for the light with 
predetermined wavelength band by proportional reduction of the optical system (correction technique by proportional 
^ reduction). Id the optical system of the Instant example, and found that, in order to correct the chromatic aberration 
well while reducing the amount of fluorite y for the light of the wavelength of not more than 200 nm as much as possible, 
the region B5 of Fig. 8(e) was the optimum combinatkvi of the foregoing conventional correction technique (capat>le 
of control by the amount of fluorite y) with ttie ccmection technique by proportional reductton (capable of control by the 
parameter x). 

so [0121] When Condition (11) is not satisfied, i.e., in the regton Ble above the line B1. the focal length f2 of the rear 
lens unit GR is too short against the amount y of fluorite. In this case, the power of the entire projection optical system 
is too strong and it Is <fifficult to conect even the monochiomatic abenatlons. Thus this region is not preferable. In other 
words, fluorite is used more than neces^ry against the focal length f2 of the rear lens unit GR. Namely, the chromatic 
at)erration correction by tlie technique of proportional reduction Is not effected so much, and the use amount of fluorite 

^ is undesirably increroed fmltlessiy. 

[0122] When Condition (12) Is not met, i.e., in the region B2e above the line B27, the absolute use amount of fbiorite 
Is undesirably increased. 


25 
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[p12q When Condition (13) is not met le^, in the re^on B3e outside the line B3, It becomes easier to correct the 
rronochromatic aberrations of the projection optical system, but the correction of chromatic aberration becomes largely 
insuffidant, so as to degrade the imaging performance, undesiFat>ly. Since the amount y of fluorite is 0 or a positive 
value, Condition (14) is always ^sfied. 

[0124] In the present embodiment, the image-side maximum numerical aperture ^4Aw of the projection optical system 
and the fluorite amount y (the reduced use amount to the disic member) are preferably set to further satisfy the following 
two conditions. 

NAw > 0.72 (d-1) 

y<75 (d-2) 

IS [0125] When Condition (d-1) Is not satisfied, It is not feasible to yield a satisfactory resolution. Further, since the 
volume production of fluorite is difficult at present, when Condition (d-2) is not met, there is the possibility that it becomes 
difficult to Increase the supply of projection optical systems PL (and the projection racposure apparatus equipped there- 
with) according to demands. 

[0126] In the present emtx)diment, the focal length f2 (mm) of the rear lens unit GR and the image-side maximum 
20 numerical aperture Hfiw of the projection optical system are desirably set to satisfy the following condition. 

110<f2/NAw<20O (e) 

26 [0127] When tlie value of f2/NAw is not more than the lower limit of Condition (e), it becomes difficult to correct off- 
axial aberrations such as coma, astigmatism, and distortion. When the value of f2/NAw is not less than the upper limit 
of Condition (e). It becomes diliicuit to correct the chromatic abenatlon. 

[0128] in order to further decrease the Huorite amount y and well correct the chromatic aberration by proportional 
reduction, it is desirat>ie to satisfy the following conditions (15) to (16), which are narrower conditions than Conditions 
90 (11) to (14). 

y ^ (9xC) - 270 (15) 
y ^ 90 (16) 
yS(ax/2)- (855^2) (17) 

40 

y ^ 0 (18) 

[0129] In Fig. 6(a), straight lines C1, C2, C3, and C4 indicate a line (y = (9x/2) -270), a line (y = 90), a line (y = {9x1 
45 2) - (855/2)), and a line (y = 0), respectively. Accordingly, the range of (x, y) satisfying Conditions (15) to (18) is the 
rectangular region C5 surrounded by the lines C1, C2, C3, C4 and this region C5 is in the range of the region B5. 
[0130] The exposure light is desirably one having the wavelength of not more than 200 nm and the wavelength band 
having the full width at half maximum of not more than 0.5 pm. As the wavelength t>and tsecomes narrower, it becomes 
easier to correct the chromatic at)erration, but the structure of the exposure light source tTecomes mora complex ac- 
so cording thersto, so as to increase the production cost and inevitably decrease the exposure dosage, thus lowering the 
throughput. When the exposure light source is, for example, an ArF excimer laser source (the wavelength 193 nm), 
the wavelength liands of not more than 0.5 pm to approximately 0.3 pm are bands that can be realized at reasonable 
cost tyy the t>and narrowing technique and the chromatic al>erration can also be readily corrected by the correction 
technique of the present example. 
ss [0131] in the present example, the correction technique by proportional reduction is applied and, in order to ensure 
the wide field while controlling the various abeirations on the Image plane side to within permissible ranges on this 
occasion, it b desirable to employ aspheric surfaces for predetermined lens surfaces of lenses of a plurality of lenses 
maldng the projection optical system, l-lowever, since the production cost of aspheric lenses is high. It is de^rable to 
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minimize the number of aspheric surfaces within the range permitting the desired imaging performance. 
[0132] in the present example. Conditions (11 ) to ( 14) are satisfied, end when the following condition about the fluorite 
amount y further Imposed, the number A of aspheric suffaces in the projection optical system is desirably not less 
than 2. 

9 

0^y<40 (19) 


2^ A (20) 

[01331 Describing this further, since the fluorite amount y is relatively small within the range of Condition (19), the 
focal length f2 of the rear lens unit GR is set to a relatively short value from Conditions ( 1 1 ) to (1 4). Namely, the chromatic 
aberration correction by proportional reduction tends to become dominant. In this case, if the number of aspheric 
15 surfaces is smaller than 2, the range of the image field well con-ected for aberration becomes too narrow and it will 
lead to decrease of throughput when applied to the projection exposure apparatus. It is thus desirable to use two or 
more aspheric surfaces in order to implement good aberration correction in the desired range of image field. In order 
to effect good aberration correction in a wider image field, the number of aspheric surfaces is more prsfiarably not less 
than three. 

20 [0134] When the following condition different from Condition (19) is Imposed as to the fluorite amount y, the number 
A of aspheric surfaces In the projection optical system is desirably 1 to 5. 

40gy<70 (21) 

26 

1 ^ A £ 5 (22) 

[0135] in Ihe range of tliis condition (21), t>ecause of increase in the fluorite amount y, the focal iength f2 of the rear 
30 lens unit GR can be set longer from Conditions (11) to (14) than in the case of the range of Condition (19). Namely, 
since the chromatic at)errBtion correction by proportional reduction is made in addition to the oomection technique of 
combining plural materials, use of aspheric surfaces in tiie number of not less than 1 nor more than 5 permits the 
^>erration to be con^ected well within the d^red range of image field. When no aspheric surface Is used off Condition 
(22), it becomes diflioultto maintain the proportionally reduced image field in the state before the proportional reduction, 
35 which is undesirat>ie. When there are aspheric surfaces over five surfaces, the production cost is undesir^iy increased 
more than necessary. 

[0 1 36] f=or providing the projection optical system with an aspheric surface, this spheric surface is desirably provided 
in a lens surface of a lens made of a material (e.g., silica glass) different from fiuorite. If the aspheric surface is provided 
in a lens of fluorite to the contrary, it will be dlfffcuft to process fluorite into an aspheric surface Ijecause of great abrasion 
40 of fluorite and it can cause oonsiderBt>le increase of production cost and production time and further degrade tfie 
accuracy of aspheric surface. 

[0137] The image field of the projection optical system in the present example is desirably not less than 20 mm in 
diameter (mors dearat^ly, not less than 25 mm in diameter), and the Image-side maximum numerical aperture NAw of 
the projection optical system is desirably set to satisfy the following condition. 

45 

NAw ^ 0.65 (23) 

[0138] Using the exposure wavelength X, the maximum numerical aperture NAw, and the process coefficient Ic1 , the 
so resolution Res of the Image to t>e transferred by the projection optical system is given as follows. 


Res = Icl - WNAw (24) 

55 pilSQ Accordingly, supposing the exposure wavelength X is 200 nm, the maximum numerical aperture NAw 0.65, 
and, for example, on Ihe assumption of application of the rrKxJified illumination method, the process coefRcienit Icl 0.5, 
the resolution Res is about 1 54 nm. Therefore, when Condition (23) is satisfied at the exposure wavelength of not more 
than 200 nm, it is feasible to yield the resolution enough for fabrication of next-generation semiconductor devices and 
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the like. 

[014iq When the diameter of the image field is not less than 20 mm, exposure can be implemented at high throughput 
in the state of high resolution. 

[0141] In the projection optical system according to an emtx3diment of the ninth projection optical system (the sixth 

s projection exposure apparatus or the fourth projection exposure method) of the present invention, the exposure light 
is one having the wavelength of not more than 200 nm and y (leg) represents a translated amount of a first material of 
a disk member from an amount (use amount) of the first material among the radiation transmitting optical materials in 
the projection optical system. Then Conditions (11) to (14) are satisfied where the focal length of ttie rear lens unit GR 
is fZ (mm), the image-side maximum numerical aperture of the projection optical system Is MAw, and the parameter x 

10 (mm) Is defined as in Eq (10). 

[0142] Rg. 9 shows the relation between the parameter x (mm) and the amount y (the use amount reduced to the 
disk member) (kg) of the first material in this en^KKfiment, wherein the straight lines B1 to B4 and the straight lines CI 
to C4 in this Fig. 9 are the same as those In Rg. 6(a) and the region satisiying Conditions (11) to (14) is the regton B5 
surrounded by the lines B1 to B4. 

IS [pi43] In this embodiment of Fig. 9, a second material different from the first material is first used as a principal 
material (Gght-transmitting optical material) for the lenses making the projection optical system, and then the first ma- 
terial Is added unending to the necessity for correction of chromatic abeifration. The present embodimerit further uses 
a correction technique of effecting achromatism by proportionally reducing the optical system. Nanneiy, the present 
example can be said to be **an example of finding the range of optimum combination of the correction technique by 

20 proportional reduction with the correction technk]ue of achromatism by adding the chromatic-ebenBtiorvcorrecting 
material (first materia!) to the principai material (second material)." 

[0144] In the present example, not only silica, but also fluorite and the like can be used as the principal material 
(second material). When the principal material is, for example, silica, the first material can be selected from fluorite 
(which corresponds to the embodiment of Rg. d(a}), barium fluoride (BaF), lithium fluoride (LiF), and so on. On the 

25 other hand, for exEunple. at the exposure wavelengths of not more than 1 70 nm (e.g., the F2 laser of the wavelength 
of 157 nm)p it is also conceivable to use fluorite as the principal material In order to increase the transmlttance, and in 
thi3.case the first material is selected from materials (silica, BaF, LiF, etc.) difl'erent from fluorite. 
[0145] In Fig. 9, when Condition (11) is not satisfied, if can be mentioned that the first material is used more than 
necessary against the focal length f2 of the rear lens unit Gf^ When Condition (12) Is not satisfied, the absolute use 

30 amount of Uie second material becomes lar^e and tiie transmrttanoe becomes too low, for example, at the exposure 
wavelengths of not more than 170 nm, undesirably. 

[0146] When Condition (1 3) is not satisfied. It becomes easier to correct the monochromatic aberrations of the pro- 
jection optical system, but the correction of chromatic aberration becomes largely insufficient, so as to degrade the 
imaging performanoe, undesirably. 
36 [0147] In the present example, it is desirable to satisfy Conditions (d-1), (d-2), in order to obtain the satisfactory 
resolution and control the use amount of fluorite to within the practk:al range, it is also desirable to satisfy Condition 
(e), in order to reacfily correct the off-axial at>errations such as coma, astigmatism, and distortion and readily correct 
the chromatic at>erration. 

[0148] In the preront example, in order to further decrease the amount y of the first material and correctthe chromatic 
40 at)erratton well by proportional reduction, it is also desirable to satisfy the above cond'rtions (15) to (18), which are 
narrower conditkxis ttan Conditions (11) to (14). This s the case wherein (x, y) is in the region C6 sunounded by the 
lines C1 to C4 of Fig. 9. 

[0149] In Fig. 9. data A1 corresponds to the foregoing first embodiment, in the first embodiment, the exposure wave- 
length is 157 nm of the F2 laser (not more than 170 nm). all the lenses are made of the same material (second material) 

46 of silica, and the amount y of the first material Is 0. in the first embodiment, the focal length f2 of the rear lens unit GR 
Is 110^ nm, the projection magnification p -0.25, and the Image-side maximum numerical aperture NAw 0.75. There- 
fore, the parameter x = 110.6 - 4 - 1-0.25| - 0.75^ = 62.2 (mm), so that the data A1 Is in the more desirable region C5. 
[9150] A plurality of numerical embodiments of the present example will be described below. The projection optical 
systems of the third embodiment to the eighth embodiment below all the wavelength of 193.3 nm supplied from 

so the l>and-narrowed ArF laser as the reference wavelength and the chromatic aberration is corrected in the range of 
FWHM (fiill width at half maximum) of 0.35 pm centered about the reference wavelength, i.e., in the range of 193.3 
nm + 0.175 pm. 

[0151] Rg. 10 is the optical path diagram of the projection optical system acoonding to the third embodiment, in this 
third embodiment, ail ttie radiation-transmitting refi^ctors (lenses L11 to L57) in the projection optical system are made 
ss of silica (synthetic quartz: SiO^. Namely, the material for achromatism (the first material) is not used. 

[0152] As shown In Fig. 10, the projection optical system of the third emtxKliment has the front lens unit GF of the 
positive refracting power, the aperture stop AS, and the rear lens unit GR of the positive refracting power in the order 
named from the first surface A side. According to another grouping, the projection optical system of the third embod- 
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iment has the negative, first lens unit G1 , the positive, second lens unit G2, the negative, third lens unit G3, the positive, 
fourth iens unit G4, the aperture stop AS, end the positive, fifth lens unit G5 in the order named from the first surface 
A ade, in which the first lens unit G1 to the fourth lens unit G4 constitute the front lens unit GF and the fifth iens unit 
65 the rear lens unit 6R. 

5 [0153] The first lens unit 0 1 has a negative iens L11 of the menisojs shape with a convex surface facing to the first 
surfeoe A side, and a negative tens L12 of the meniscus shape with a concave surface facing to the first surface A 
side in the order named from the first surface A side, and these negative lenses L1 1 , L 1 2 form a gas lens of the t>iconvex 
shape. The iens surface on the first surface A side of the negative lens L11 and the lens surface on the second surface 
B aide of the negative lens L12 are formed as aspheric surfaces ASP1 and ASP2, respectively. 
[0154] The second lens unit G2 has a negative lens l2^ of the meniscus shape with a concave surface fadng to the 
first surface A side, a posiUve lens L22 of the meniscus shape with a concave surface fodng to the first surface A side, 
and three positive lenses 1.23 to L25 of the t>ioonvex shape. The lens surface on the first surface A side of the posith/e 
lens 125 closest to the second surface B is fomied as an aspheric surface ASPS. 

[0155] The third lens unit G3 has a negative lens L31 of the meniscus shape with a convex surface facing to the first 

IS surface A side, and two negative lenses t^2. L33 of the biconcave shape In the order named firom the first surface A 
side, and these negative lenses L31 to L33 fonn two gas lenses of the biconvex shape. Tfie iens surface on the second 
surface B side of the negative lens L33 closest' to the wcond surface B is formed as an aspheric surface ASP4. 
[0156] The fourth lens unit G4 has two positive lenses L41 , IA2 of the meniscus shape with a concave surface facing 
to the first surface A side and a positive lens L43 of the biconvex shape In the order named from the first surface A side. 

20 [0157] The fifth lens unit G5 also being the rear lens unit GR, has a negative lens 1^1 of the biconcave shape, two 
positive lenses L52, L53 of the biconvex shape, three positive lenses L54 to of the meniscus shape with a convex 
surfoce fadng to the first surface A side, and a negative lens L57 of the planoconcave shape with a concave surface 
facing to the first surface A side, In the order named from the first surface A side. Here the lens surface on the first 
surface A side of the positive lens IJ52 and the lens surface on the second surfoce B side of the positive lens L56 are 

25 formed as aspheric surfaces ASPS and ASP6, respectively. 

[0158] Rg. 11 is the optical path diagram of the projection optical system according to the fourth embodiment in this 
fourth embodiment, silica glass (synthetic quartz) is used as the principal material (second material) of tf^ radiation- 
transmitting refractors in the projection optical system and fluorite as the achromatizing material (first material). 
[0159] As shown in Rg. 11 , the projection opticai system of the fourth embodiment has the front lens unit GF of the 

^ positive refracting power, the aperture stop AS, and the rear lens unit GR of the positive refracting power in the order 
named from the first surface A side. Accordirtg to another grouping, the projection opticai system PL of the fourth 
embodiment has the negative, first lens unit 61, the positive, second lens unit G2, the negative, third lens unit 63, the 
positive, fourth lens unit G4, the aperture stop AS, and the positive, fifth Iws unit G5 in the order named from the first 
surfooe A side, in which the first lens unit G1 to the fourth lens unit G4 correspond to the front lens unit GF and in which 

^ the fifih lens unit G5 corresponds to the rear lens unit GR. 

[0160] The first iens unit 61 hasa negative iens L11 of the meniscus shape with a convex surface facing to the first 
suriiace A side, and a negative lens L12 of the meniscus shape with a concave surlSace facing to the first surface A 
side, in the order named from the first surface A side, and these negative lenses L11, L12 form a gas lens of the 
biconvex shape. The lens surface on the first surfaoe A side of the negative tens L11 and the lens surface on the second 

40 surface B side of the negative lens LI 2 are formed as aspheric surface ASP1 and ASP2, respectively. Tliese two 
negative lenses L11, L12 are made both of silica glass. 

[0161] The second lens G2 has a positive lens i^l of the meniscus shape wfth a concave surfoce fodng to the first 
surfaoe A side, three positive lenses L22 to L24 of the biconvex shape, and a [x^sitiva lens L25 of the meniscus shape 
with a convex surface facing to the first surface A side, in the order named from the first surface A side. The lens 
46 surface on the first surface A side of the positive lens L25 closest to the second surface B Is formed as an aspheric 
surface ASP3. Ail the lenses in the second iens unit 62 are made of silica glass. 

[0162] The third lens unit 63 has a negative lens L31 of the meniscus shape with a convex surfoce focing to the first 
surface A side, and two negative lenses L32, L33 of the biconcave shape in the order named from the first surface A 
side, and these negative lenses L31 to L33 form two gas lenses of the biconvex shape. Here the lens surface on the 
so second surfoce B side of the negative lens L33 closest to the second surface B Is formed as an aspheric surfoce ASP4. 
All the negative lenses L31 to 1-33 in the third lens unit G3 are made of silica glass. 

[0163] The fourth lens unit G4 has a positive lens L41 of the meniscus shape with a concave surfoce focing to tfie 
first surfoce A side, a positive lens iA2 of the meniscus shape with a concave surface focing to the first surfoce A side, 
and a positive lens iA3 of ttie biconvex shape in the order named from the first surfoce A side. IHere the two positive 
ss lenses L41 , iA2 are made of silica glass and the posith^ lens L4d on the second surfoce B side is made of fluorite. 
[0164] The fifth lens unit 65 has a negative lens L51 of the biconcave shape, two positive lenses 1^2, L53 of the 
biconvex sfiape, three positive lenses 1^ to L56 of the meniscus shape with a convex surfoce focing to the first surfoce 
A side, and a negative iens L57 of the t>iconcave shape in the order named from tfie first surfoce A ade. Here tfie lens 
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surfaoe on the second surface B side of the negative lens L51 and the lens surface on the second surface B side of 
the positive lens L56 era fbrmad as aspheric surfaces ASPS and ASP6, respectively. In the fifth lens unit G5, only the 
negative lens L57 closest to the second surface B Is made of fluorite and the other lenses LSI to LS6 are made of 
sQica glass. 

5 [0165] In the fourth emtx)diment, as descrit>ed above, silica glass (synthetic quartz) and fluorite are used as the lens 
materials (glass materials) and all the lens suriaces of the aspheric shape are formed In the lenses of slDca glass. 
[0166] Rg. 1 2 Is the optical path diagram of the projection optical system according to the fifth embodiment In this 
fifth embodiment, silica glass (synthetic quartz) is used as the principal material (second material) of the radiation- 
transrnrtting retractors In the projection optical system and fluorite as the achromatizing material (first mater^l). 

10 [0187] As shown In Rg. 12, the projection optical system of the fifth embodiment has the front lens unit GF of the 
positive refracting power, the aperture stop AS, and the rear lens unit GR of the positive relTBctlng power In the order 
named from the first surface A side. According to another grouping , the projection optical system of the fifth embodiment 
has the negative, first lens unit G1, the positive, second lens unit 62, the negative, third lens unit 63, the positivOp 
fourth lens unit 64, the aperture stop AS, and the positive, fifth lens unit GS in the order named from the first surfooe 

IS A side, in which the first lens unit G1 to the fourth lens unit G4 corraspond to the front lens unit GF and in which ttie 
fifth tens unit GS corresponds to the rear lens unit GR. 

plieq The first lens unit G1 has a negative lens L11 of the planoconcave shape with a plane facing to the first surface 
A side, and a negative lens L1 2 of the meniscus stiape with a concave surface facing to the first suri^aca A side, in the 
order named from the first surface A side, and these negative lenses L11 p L1 2 form a gas lens of the biconvex shape. 
20 The lens surfaoe on the second surfaoe B side of the negative lens L11 is formed as an aspheric surface ASP1 . These 
two negative lenses L11 , LI 2 are made both of silica glass. 

[0169] The second lens 62 has a negative lens 1^1 of the meniscus shape with a concave surfaoe fadng to the first 
suriace A side, a positive lens L22 of the meniscus shape with a concave surface facing to the first surface A side, a 
positive lens L23 of the biconvex shape, and two positive lenses L24, L25 of the meniscus shape with a convex surfaoe 
25 facing to the first surface A side. In the order named from the first surface A side. The lens surface on the first surface 
A side of the negative lens L21 closest to the first surface A is formed as an aspheric surface ASP2. Afl the lenses in 
the second lens unit G2 are made of silica glass. 

[0170] The third lens unit 63 has a negative lens L31 of the meniscus shape with a convex surfaoe facir^ to tte first 
surfaoe A dde, and two negative lenses L32, of the l>looncave sfiape in the order named from the first surfaoe A 

30 side, and these negative lenses L31 to L33 form two gas lenses of the t>ioonvex shape. IHere the lens surface on the 
second surface B side of the negative lens L31 closest to the first surface A and the lens surface on the second surface 
B side of the negative lens L33 closest to the second surface B are formed as aspheric surfaces ASP3 and ASP4, 
respectively. All the ne^five lenses L31 to L33 in the third lens unit G3 are nwde of silica glass. 
[0171] The fourth lens unit G4 has a positive lens L41 of the meniscus shape with a concave surface facing to tlie 

35 first surface A side, a positive lens L42 of the meniscus shape with a concave surface facing to the first surface A side, 
and a positive lens L43 of the biconvex shape in the order named tn3m the first surface A side. Here the two po^tive 
lenses L41 , L42 on the first suriace A side are made of fluorite and the positive lens L43 on the second surfiaoe B side 
is made of silica glass. 

[OITCf Tlie fifth lens unit G5 fias a negative lens L51 of the l>iooncave sfiape, two positive lenses L52, L53 of the 
<o biconvex shape, three positive lenses L54 to i^ of the meniscus shape with a convex surface facing to the first surface 
A side, and a negative lens L57 of the planoconcave shape with a concave surface facing to the first surface A side, 
In the order named from the first surface A side, i-lere the lens surface on the second sur^ce B side of the negative 
lens 1-51 and the lens surface on the second surface B side of the positive lens L55 are fonned as aspheric surfaces 
ASPS and ASP6, respectively. In the fifth lens unit G5, only the two lenses L5S, UST closest to ttie second surface B 
46 are made of fiuorlte and the other lenses L51 to L55 are made of silica glass. 

[0173] In file fifth embodiment, as described above, siiica glass (synth^c quartz) and fluorite are also used as the 
lens materials (glass materials) and all Uie lens surfaces of the aspheric shape are formed in the lenses of silica glass. 
[0174] Rg. 13 is the optical path diagram of the projection optical system according to the sixth embodiment In this 
sbdh embodiment^ silica glass (synthetic quartz) is used as the princ^l material (second rrateriai) of the radiation- 
s' transmitting refiractors in the projection optical system and fluorite as ttte achromatizing material (firet material). 

[0175} As shown in Fig. 13, the projection optical system of the sixth erht)odiment is a double waist type imaging 
optical system having the front lens unit GF of the positive refracting power, the aperture stop AS, and the rear lens 
unit GR of the positive refracting power in the order named from the first surface A side. 

[0176] The front lens unit GF has a negative lens L11 of the t>lconcave shape, three positive lenses L12 to L14 of 
55 the biconvex shape, a negative lens L1 5 of the mentecus shape with a convex surface facing to the first surface A side, 
a positive lens L16 of the biconvex shape, a negative lens L17 of the biconcave shape, two negative lenses LIS, L19 
of the biconcave shape, a negative lens L20 of the meniscus shape with a concave surface facing to the first surfiaoe 
A side, a positive lens L21 of the meniscus shape with a concave surfaoe facing to the first surface A side, a positive 
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lens L22 of the biconvex shape, a positive lens 1^3 of Ihe meniscus shape with a concave surface facing to the first 
surface A side, two positive lenses \J14, L25 of the biconvex shape, a negative lens L26 of the menlsciR shape with 
a convex surface facing to the first surface A side, a negative lens 1-27 of the biconcave shape, a negative lens L28 of 
tlie meniscus shape with a concave surface facing to the first surface A side, and a positive lens 1^ of the menlscxis 

5 shape with a concave surface facing to the first surface A side, in the order named from the first surface A side. Ttien 
the lens surface on the first surface A side of the negative lens L20, the lens surface on the first surface A side of the 
negative lens 1-27, and the lens surface on the second surface B side of the n^ative lerts L28 are formed as aspheric 
surfaces ASP1 , ASP2, and ASP3, respectively. Only the poslthre lens L29 closest to the second surface B is made of 
fluorlte and the other tenses L11 to L26 are made all of silica glass. 

10 [0177] The rear lens unit GR has two positive lenses 1.51, L52 of the biconvex shape, a negative lens L53 of the 
meniscus shape with a concave surface facing to the first surface A side, a positive lens 1-54 of the biconvex shape, 
three positive lenses L55 to L57 of the meniscus shape with a convex surface facing to the first surface A side, a 
negative lens L58 of the meniscus shape with a convex surface facing to ttie first surface A side, and a positive lens 
L59 of the biconvex shape in the order named from the first surface A side. Here the four lenses L53, L54, L58, L59 

IS are made as siGca lenses and the other five lenses L51, L52, L55, L56, L57 are made of fiuorite. 

[0178] In the sbdh embodiment, as described above, silica glass (synthetic quartz) and fiuorite are also used as the 
lens materials (glass materials) and all the lens surfaces of the aspheric shape are formed in the lenses of siOca glass. 
[0179] Rg. 14 is the optical path diagram of the projection optical system according to the seventh embodimenL In 
this sevenlti enntx)diment, silica glass (synthetic quariz) is used as the principal rraterial (second material) of the ra- 

20 diation-transmitting refractors in the projection optical system and fiuorite as the achromatizing material (first material). 
[0180] As shown in Fig. 14, the projection optical system of the seventh embodiment is.a double waist type imaging 
optical system having the front lens unit 6F of the positive refracting power, the aperture stop AS, and Ihe rear lens 
unit GR of the positive refracting power bi the order named from the first surface A side. 

[0181] The front fans unit GF has a negativB lens L11 of the l>iooncave shape, three positive lenses L12 to L14 of 

^ the biconvex shape, a negative tens LI S of the meniscus shape with a convex surface facing to the first surface A side, 
a positive lens LI 6 of the meniscus shape witti a concave surface facing to the first surface A side, a negative lens 
L17 of the meniscus shape with a convex surface facing to the first surface A side, two negative lenses L18, L19 of 
the biconcave shape, a negative lens L20 of the meniscus shape with a cmcave surface facing to the first surface A 
side, a positive lens L21 of the meniscus shape with a concave surface facing to the first surface A side, a positive 

30 lens L22 of the biconvex shape, a positive lens L23 of the meniscus shape with a concave surface facing to the first 
suriace A side, a posith^ lens L24 of the meniscus shape with a convex surface f^ng to the first surface A side, a 
positive lens L25 of the biconvex shape, a negative lens L26 of the meniscus shape with a convex surface fadng to 
the first surface A side, two negative lenses L27, L28 of the biconcave shape, and a positive lens i-29 of the meniscus 
shape with a concave surface facing to the firs4 surface A side, in the order namod from the first surface A side. Then 

3S the lens surface on the first surface A side of the negative lens L20, the lens surface on the first surface A side of the 
negative lens L27, and the lens surface on the second surface B side of the negative lens L28 are formed as aspheric 
surfaces ASP1 , ASP2, and ASP3, respectively. Only the positive lens L29 closest to the second surface B and the 
positive lens 1-24 in the middle are made of fiuorite and the other fanses L11 to L23, L25 to L28 ere made all of sHice glass. 
[0182] The rear lens unit GR has two positive lenses L51, LS2 of tfie bioonvex shcq>e, a negative lens L53 of tfie 

40 meniscus shape with a concave surface facing to the first surface A side, a positive lens L54 of the biconvex shape, 
three positive ler^es L55 to L57 of the meniscus shape with a conv^ surface fadng to the first surface A side, a 
negative lens L58 of the biconcave shape, and a positive lens L59 of the biconvex shape in the order named from the 
first suriiace A side. Here the four lenses L53, L54, L58, L59 are made as ^ica lenses and the other five lenses LSI, 
L52p L55, L&6, L57 are made of fiuorite. 

46 [0183] In the seventh embodiment, as described above, silica glass (synthetic quartz) arKf fluorlte are also used as 
the lens materials (glass materials) and all the lens surfaces of the aspheric shajse are formed In the lenses of silica 
glass. 

[01 84] Next, the lens configuration of the projection optical system according to the eighth emt>odlment of the present 
example is the same as that of the second embodiment of Fig. 2. However, the second embodiment was designed to 

50 efTect the chromatic aberration connection In the range of the wavelmgth l>and ±0.4 pm for the reference wavelength 
of 193.306 nm, whereas this eighth embodiment is ananged to effect the chromatic abeiration oorrection in the range 
of FWHM (full width at half maximum) of 0.35 pm centered about 193.3 nm, i.e., in the range of 193.3 nm ±0.175 pm. 
This range is suk)stantially equivalent to the color correction range of the second embocfiment (the range of the wave- 
length liarKi ± 0.4 pm for the reference wavelength). 

55 [01 85] Tat>le 4 to Table 6 below provide the specifications of the projection optical systems of the third embodiment 
to the seventh emtxxilment, respectively. In Table 4 to Tat>le 8, the left end column Indicates numbers of the respective 
lens surfaces from the first surface A, the second column indicates radu of ojrvature of the respective lens «jrfaces, 
the third column indicates surface spadngs from each lens surface to a next lens surface, the fourth column indicates 
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lens materials, the fHth column Indicates symbols of the aspherte surfaces, the sbcth column indicates the symbols of 
the respective lenses, and the seventh column indicates dear aperture <fianieters 0^1^ of the respective lens surfaces. 
A radius of curvature in Ihe racond column for each aspharic lens surfeoe represents a racfius of curvature at a vertex 
thereof. The aspheric shape Is expressed by foregoing Eq. (a). 

[0186] In the last part of Table 4 to Table 8 there ans presented the conical coefficient k and the aspheric coefFtcients 
A, B, C, D, E, F for each aspheric surface as [aspheric data]. 

[01S7] In the third embodiment to the seventh embocfiment, the refractive Index at the reference wavelength (193.3 
nm), the change (dispersion) of refractive Index per wavelength -i- 1 pm, and spectlic gravity of sIGca glass (synthetic 
quartz) are as follows. 

refractive index of silica glass: 1 .560326 
dispersion of sIGca glass: -1.591 x 10^/pm 
specific gravity of silica glass: 2.2 

[01 88] Further, the refractive index at the above reference wavelength (1 933 nm), the change (dispersion) of refrac- 
tive index per wavelength 1 pm, and the specific gravity of fluorrte are as follows. 

refractive index of fluorite: 1.501455 
dispersion of fluorite: -0.980 X lO^/pm 
specific gravity of fluorite: 3.18 

[0189] In Table 4 to Table 8 below, Si02 incficates silica glass, Caf^ tlimite, dO the distance from the first surfiaoe A 
to the lens surface closest to the first surface A, and WD the distance from the lens surface closest to the second 
surfaoe to the second surface B (woricpieo^ng distance). 

[0190] Being common to the third erriKxfiment to the seventh embodiment, the numerical aperture NA of the pro- 
jection optical system (the maximum numerical aperture INAw on the second surfaoe B side), the projection magnifi- 
cation and tlie diameter 0 of the Image circle on the second surface B are as fbllows. 


IMA =0-75 


P = -1/4 


0 = 27.5 mm 


«TABLE 4» 

Third Embodiment (Fig. 10) 
d 0 = SS.OOOOOKmm) 
WD = 11.000007(mm) 


Radius of Spacing 


Glass Aspheric Lens 



curvature 


surface 


(mm) 


(mn) 


(mm) 


I: 


7091.4290S 


15.000000 Si02 


ASPl 


Lll 


65.764267 
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-Z01«31ZU3 
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1 AC lie Q A 9 


7: 






199 QQ797Q 

IS 

8: 

-316.51565 

f AAAAAA 

I. 000000 




129.413116 


9: 

1245.95085 

42.403865 

Si02 


L23 

138.357544 

2D 

10: 

-498.42771 

66.560407 




140.000000 


11: 

278.47126 

51.637906 

Si02 


L24 

141.615372 


12: 

-5012.84861 

1.000000 




139.454163 

25 

13: 
14: 

289.66134 
72001-37857 

44.179422 
42.267253 

5x0 2 

ft Ann 

ASPS 

ff A If 

L25 

4AA f An0rV4 

129.500671 
124.865738 

30 

15: 
16: 

PvAA AA^nn 

790.93523 
135.96684 

49.069868 

A A AAAACiV 

33.309217 

Sl02 


L31 

91.125748 

f* AAA fin A 

65.088898 

35 

17: 

-26 f .87840 

17.04u0b9 

olU 2 




18: 

270.92888 

19.267729 




57-542892 


19: 

-142.62085 

15. 121700 

CIA O 

oiu 2 


Loo 

57.4So405 

40 

20: 

178.57511 

10.BZZ4&4 




61.534664 


21: 

-421.32209 

50.000000 

Si02 


L41 

61.972908 

45 

££: 


1. UUUUUU 




f 0 . li^O^o 


23: 

-2487.25765 

50.000000 

SiG2 


L42 

79.889153 


24: 

-308.14629 

76.768520 




88.439072 

SO 

25: 
26: 

280.00000 
-720.48955 

41.127434 
1.000000 

Si02 


L43 

108.679848 
108.229263 

55 

27: 

oo 

42.733304 



AS 

106.832184 
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28' 

-291.63339 

24.106015 

Si02 


LSI 

104.909050 

5 

9Q - 


3 915270 


ASPS 


111 filR9QB 


ou ■ 

4.71 

40 504164 

Si02 


L52 

tlx* 

112 104271 

10 

0 1 • 







oo. 
o6 • 



Ol u ^ 



Its IA7PRff 

110. lO I60U 


33: 


IIS 




11 r .3044 rU 

IS 

Oil • 






lAA Q977(;n 


35: 


I •UUUIIUU 




1 AA 9 1 T QA7 

20 

36: 

150.00000 

CA AAAAOA 




09 QQAOOQ 


37: 

224.50669 

1.706390 




75.144737 


38: 

129.S6425 

36.373254 

Si02 


L56 

69.153374 


39: 

270.95319 

6.23851S 


ASP6 


54.786152 


40: -21804.34155 

50.000000 

Si02 


L57 

53.646206 

30 

41: 

oo 

(WD) 




26.202827 


[Aspberic Data] 
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ASPl 




ASP4 



40 

K : 

0.000000 



/U « 

0.000000 


A : 

0.961814X 1 0"' 


A 

0.408033 X 1 0-' 

45 

B : 

-0, 378122 X 10''* 


B : 

-0.582850X 1 0-*' 


C : 

0.392716X 1 0-»' 


C : 

0.132297X 1 0-»» 


D : 

0.424498X 1 0"" 


D : 

0.117896 X I 0-»» 

SO 

E : 

-0.220614X 1 


E : 

-0. 974397 X 1 O-'-* 


F : 

0.200305X 1 0"'' 


F : 

0.578268 X l O"" 

55 
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ASP2 


K : 

0.000000 


A : 

0.263695 X 1 0 

-7 

B : 

-0.882693 X 1 0 

-1 2 

C : 

0.290428 X 1 0 

- 1 « 

D : 

0. 285450 X 1 0 

-2 1 

E : 

-0.J170241 X 1 0 

-24 

F : 

0. 929230 X 1 0 

-2 9 

ASPS 

K : 

0.000000 


A : 

-0.889053 X 1 0 

-a 

B : 

-0.224185 X 1 0 

-12 

C : 

-0.211101 X 1 0 

- 1 » 

D ■ : 

-0.108571 X 1 0 

r..2i--. 

E : 

0.470441 X 1 0 

-2 T 

F : 

0. 130782 X 1 0 

-3 1 


ASPS 


K : 

0.000000 


A : 

0. 186307 X 1 0 

-7 

B : 

-0. 146992 X 1 0 

-13 

C : 

-0.448096 X 1 0 

-1 7 

D : 

-0.180733 X 1 0 

-2 2 

E : 

0.986636 X 1 0 

-27 

F : 

-0.118893 X 1 0 

-3 I 

ASP6 

/c : 

0.000000 


A : 

-0.256013 X 1 0 

-7 

B : 

-0.517336 X 1 0 

-11 

C : 

0.740082 X 1 0 

-16 

' D "v 

-0;106082x 1 0 

-A 9 

E : 

0.506294 X 1 0 


F : 

-0.312361 X 1 0 

-2 7 


«TABLE 5^ 

Fourth Efflbodiment (Fig. 11) 
d 0 = 61.517734(]nm) 
WD = 11.723518(injn) 

Radios of Spacing Glass Aspheric Lens 0eff 
curvature surface 
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(m) (bq) (mm) 

g . 



1: 

850.22148 

15.762264 

Si0 2 

ASPl 

Lll 

67.516739 


2: 

258.78675 

32.754986 




68.621666 

10 

3: 

-120.04708 

29.316457 

Si02 


L12 

69.040245 


4: 

-1436.64708 

14.154830 


ASP2 


88.608788 

79 

5: 

-262.93413 

49.861514 

Si0 2 


L21 

89.277542 


6: 

-204.39549 

1.000000 




108.090843 


7: 

4807.74825 

47.706981 

Si02 


L22 

124,939384 

20 

8: 

-334.63584 

1.000000 




130.588333 


9: 

943.02750 

38.323507 

Si0 2 


L23 

138.787674 

26 

10: 

-755.20042 

52.297712 




139,999893 


11; 

314.4S430 

52.295370 

Si02 


L24 

142. 105682 


12: 

-1342.07699 

1.000000 




140.302780 

30 

13: 

220.89539 

44.997489 

Si02 

ASPS 

L2S 

125.209908 


14: 

_ 1112,83084 

35; 9 15976^ 




119.146675... 

35 

15: 

578.45483 

47.943238 

Si02 


L31 

94.646919 


16: 

137.07988 

34.945538 




68.147148 

40 

17: 

-290.24030 

22.821650 

Si02 


L32 

64.390198 

18: 

284.15051 

19,770859 




59.085491 


19: 

-144.74289 

15.000000 

Si02 


L33 

58,975883 

46 

20: 

182.17660 

18.923653 


ASP4 


62.526440 


21: 

-316.81092 

50.000000 

Si02 


L41 

62.945671 

50 

22: 

-235.35205 

1.000000 




77.530685 


23: 

-1288.79277 

48.502244 

Si0 2 


L42 

81.365692 


24: 

>310. 15694 

87.817988 




90.067673 


59 
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25: 

280.00000 

44.217287 

CaF2 


L43 

114.022461 

26: 

-726.81420 

l.ODOOOO 




113.702507 

27: 

GO 

34.906154 



AS 

112.151863 

28: 

-321.35755 

24.106015 

Si02 


L51 

111.345039 


527 14450 

3.208930 


ASP5 


117.654945 

30- 

526 07S39 

41.883852 

Si02 


L52 

1 17.834465 



i 000000 




119 87427S 

32 • 

501 17342 

44.518152 

^7 m W A W X V M 

S102 


LS3 

124.0S7274 

wO « 


23 847453 




123.851112 

34* 

187 05620 

37.766684 

W 4 • f WWWW * 

Si02 

W L W 


LS4 

111.266914 

03 • 

%U i • 1 If 99 

w « uUwOu 1 




X Vv » OTX 9 J, 0 

3fi- 

ICQ 18738 

SO OOQQOO 

WW« wVV vw 

S10 2 

w ^ w ^ 


L55 

96 210228 

37: 

247.90367 

7.654279 




80.668587 

38: 

129.88090 

35.932549 

Si0 2 


LS6 

70.574219 

39: 

296.77641 

6.269996 


ASP6 


57.089531 

40: 

-55171; 62371 - 

50.000000 

•CaF2 


L57 

-55.946609 

41: 

8863.22783 

(WD) 




26.976627 


[Aspherlc Data] 


ASPl 


ASP4 


K 

0.000000 

K : 

0.000000 

A : 

0.973900X 1 0"' 

A : 

0. 607276 X 1 0-' 

B : 

-0.304719 X 1 0-" 

B : 

-0.700544X 1 0-" 

C : 

0.103626X 1 0-''' 

C : 

0.760900X 1 0-'* 

D : 

0. 933452 X 1 O''" 

D : 

0.201180X 1 0-»' 
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E : 

-0.259784 X 1 0 

-23 

F : 

0. 281860 X 1 0 

-87 

ASP2 

K : 

0.000000 


A : 

0, 525544 X 1 0 

-8 

B : 

-0.471274 X 1 0 

- 1 a 

C : 

0. 546888 X 1 0 

-16 

D : 

-0.177219 X 1 0 

-20 

E : 

0. 249175 X 1 0 

-2 B 

F : 

0.442229 X 1 0 

-29 

ASP3 

K : 

0.000000 


A... .:. 

-0.a7a457.x 1 0 

-B 

B : 

-0.141446 X 1 0 

-12 

C : 

-0.231375 X 1 0 

-IT 

D : 

-0.721926 X 1 0 

-22 

E ; 

-0.407320 X 1 0 

-2t 

F : 

-0.595894 X 1 0 

-3 1 


E : -0.160443X 1 0"" 
F : 0.856074X 1 O"" 


ASPS 


K 

: 0.000000 


A 

: 0. 157329 X 1 0 

- ? 

B 

: -0. 167548 X 1 0 

- L 4 

C 

: -0.304998 X 1 0 

T 

D 

: -0.499814 X 1 0 

-J a 

E 

: 0.552478 X 1 0 

-27 

F 

: -0.684401 X 1 0 



ASP6 


K : 0.000000 
..-A.-.:..,ri)..183007.x 1.(0 

B : -0. 320743 X 1 0"** 

C : 0.474775 X 1 O"" 

D : -0.990352 X 1 0"'" 

E : 0.269071 X 1 0"" 

F : -0, 170233 X 1 0"" 


«TABLE e:^ 

Fifth Enbodiaent (Fig. 12) 
d 0 = 55.000003(iiuii) 
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WD = 10.999994(inm) 


5 


Radius or 

Spacing 

Glass 

Aspheric Lens 0e«f 



curvature 



surface 


10 


(mm) 

(mm) 




(am) 



oo 

IS 000000 

Si0 2 


LU 

65.321190 

IS 

2: 

314.62704 

27.244624 


ASPl 


67.796265 


0 « 

1£0* iODOu 

97 ^7R47A 

o 1 • O 1 O^i ^ 

o iv/ ^ 


L12 

68.086769 


A* 






82.068336 

20 

0 . 

e . 
D « 




ASF2 

L21 

82.538231 
110.219063 

25 

f : 
o: 



oxu ^ 


L22 

122.357353 
127.431076 

30 

Q • 
9 • 



OXVi ^ 


L23 

137.635925 

1 i\ • 

XV. 






139.581192 


1 1 • 

9gs 72SR3 

47 5770B7 

Si0 2 



. 139.546877, 

36 

12: 

4561.05389 

6.030041 




136.970505 


13* 

212 35017 

50.000000 

Si02 


L25 

124.093590 

40 

14* 

796 03296 

35»691253 




US. 083298 


IS: 

762.23216 

50.000000 

St0 2 


L31 

95.138901 


16: 

147.63565 

50.187741 


ASP3 


69.070221 

46 

17: 
18: 

-185.70008 

639.43295 

15.000000 

15.701720 

Si02 


L32 

61.216537 
59.080795 

SO 

19: 

-153.51758 

15.000000 

Si02 


L33 

59.002586 


20: 

185.58159 

20.611177 


ASP4 


63.036831 


21: 

-255.87716 

50.000000 

CaF2 


L41 

63.577843 
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22: 

-249.68527 

3.980529 




80.211006 

23: 

-3778.76287 

35.000000 

CaF2 


L42 

86.501961 

24: 

-224.75345 

129.S99557 




90.822037 

25: 

280.00000 

50.000000 

Si02 


L43 

120.569611 

26: 

-913.12886 

10.916703 




119.561447 

27' 

oo 

33.865871 



AS 

117.247459 

28- 

-361.62622 

24.106015 

Si0 2 


LSI 

115.516739 


416 11728 

5.557131 

W * W W « A w ^ 


ASPS 


118.568176 

4k .WW \^ ^ I U 

30- 

416.69495 

44.381334 

Si02 


L52 

119.549057 

SI • 

-fi43 90687 

w^w « V vu w r 

1 000000 

X • www 




120 733887 

90 . 
Ob . 


38 166 S48 

WW* X\S\J U ITU 

SiOP 


LS3 

U WW 

121 08S487 


-«;90 70673 

24 232291 




120 207893 

34- 

180.00000 

39.243850 

Sic 2 


L54 

108.463890 

WW • 

309.38340 

8.819688 




101.371346 

. W I AW aW 

36* 

WW* 

150.00000 

50.000000 

Si02 


155 

92.781006 

-*37: 

-.-225. 00345. 

^. 1.1DO30.6 . 


AorO 


IT tQQIilC 

,..7.7 ..i3oI4».• 

38: 

114.38119 

43.612328 

CaF2 


L56 

70.172379 

39: 

390.97069 

5.290357 




54.909901 

40: 

-7097.28080 

50.000000 

CaF2 


L57 

53.587784 

41: 

oo- 

(WD) 




25.551462 


[Aspheric Data] 
ASPl 

K : 0.000000 

A : -0.969228X 1 0"' 


ASP4 

K : 0.000000 

A : 0. 506090 X 1 0"' 
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B : 

0. 326972 X 1 0 

-11 

B : 

-0. 926440 X 1 0 

-11 

C : 

-0. 944059 X 1 0 

-IB 

C : 

0.292340 X 1 0 

- 1 s 

D : 

0. 473154 X 1 0 

-20 

D ; 

0. 202698 X 1 0 

-19 

E : 

0.728259 X 1 0 


E : 

-0.264577 X I 0 

-23 

F : 

-0. 582964 X 1 0 

-2d 

F : 

0.125177X 1 0 

-2 T 

ASP2 



ASP5 




A nnriAnn 


K 

u . uyuuuu 


A 


-7 


n i ^ 09*7/1 v 1 n 
U.14£<J(llX 1 U 

-7 

B : 

-0.120134X 1 0 

-11 

B : 

0.564687 X 1 0 

'12 

C : 

-0.659871 X 1 0 

-16 

C : 

-0.238454 X 1 0" 

-17 

D : 

-0.399458 X 1 0 

-20 

D : 

-0. 231787 X 1 0 

-2 2 

E : 

-0.878285 X 1 0 

-26 . 

E : 

0.248738 X I 0 

-17 

F : 

-0.231429 X 1 0 

-28 

F : 

-0.396109X 1 0- 

>32 

ASP3 



ASP6 



AT I 



K 

n nnnnnn 





A 


-a 

B : 

0. 197746 X 1 0 

-11 

B : 

-0-1044e3x 1 0- 

• 1 1 

C, : 

0-885710 X 1 0 

- 1 e 

C : 

-0.354474X 1 0" 

16 

D : 

0.335600 X 1 0 

- 2 a 

D : 

-0-125502X 1 0" 

20 

E : 

0.761535 X 1 0 


E : 

-0.370501 X 1 0- 

2 7 

F : 

0.365525 X 1 0 

-2 8 

F : 

0.157184X 1 0- 

2 9 
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IS 


STABLE n 

Sixth Embodiment (Fig. 13) 
d 0 = 63.749760(mm) 
WD = 11. 204291 (mm) 

Radius of Spacing 
curvature 
(mm) (mm) 


Glass Aspherlc Lens 
surface 


(mm) 


26 


40 


46 


SO 


Jl • 

-384 26106 

firU JL Vw 

15 000000 

Si02 

LU 

65.998985 

2- 

281 85126 

11.978853 



71.535873 

3' 

348.95782 

28.971808 

SIC 2 

L12 

77.330864 

« • 

-344 97594 

1.000000 



79.541092 

5: 

838.59364 

22.091944 

Si0 2 

L13 

82.133408 

o: 

-491.O03J1 

I • VvUUUU 



Oa . S70^ 1 «jV 

7: 

404.67369 

24.295064 

S102 

L14 

83.439461 


-747.56330 

1.000000 



82.796455 

9: 

231.07842 

15.000000 

Si02 

L15 

79.702614 

10: 

134.40371 

10.555015 



74.346352 

11: 

220.98194 

31.018759 

Si02 

L16 

74.341751 

12: 

-376.01279 

1.006000 



72.918823 

13: 

-2565.43982 

31.296610 

Si02 

L17 

70.508438 

14: 

150.78493 

21.342695 



61.532974 

15: 

-265.42164 

15.000000 

Si02 

L18 

61.468307 

16: 

205.74686 

22.633359 



62.887703 

17: 

-175.10057 

15.000000 

S102 

L19 

63.156342 

18: 

384.28896 

26.307128 



73.675224 


42 



0 
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19: 

-337.20967 

15.000000 

Si0 2 ASPl 

LZQ 

81.524727 

20: 

-2665.09055 

11.890080 



92.491890 

21: 

-3S5. 33094 

23.660088 

Si02 

L21 

93.401833 

22: 

-212.64088 

1.000000 



100.326263 

23: 

9025.03298 

37.428886 

Si02 

L22 

118.812363 

24: 

-307.87323 

l.OOOOOO 



123.020493 

25: 

-3478.34934 

35.232416 

Si0 2 

1.23 

131.558868 

26: 

-3S0.QO00O 

l.OOOOOO 



134.129471 

27: 

655.38208 

45.610359 

Si02 

L24 

139.999451 

28: 

-513.31974 

1.000000 



140.078323 

29: 

213.32620 

57.138993 

Si02 

L25 

13O.1795S0 

30: 

-4397.04839 

33.096623 



126.273247 

31: 

887.72778 

15.000000 

Si02 

L26 

100.220100 

32: 

161.65056 

57,435235 



85.838745 

33: 

-157.17781 

15.000000 

Si02 ASP2 

L27 

82.709534 

34: 

- 219.a7361 

-32.150950 



8.4.204674 , 

35: 

-255.39120 

15.000000 

Si02 

128 

84.510979. 

36: 

-8581.78601 

11.405070 

ASPS 


93.478951 

37: 

-388.87067 

44.944016 

CaF2 

L29 

94.167152 

38: 

-218.37501 

1.000000 



106.093346 

39: 

oo 

14.244161 


AS 

113.779617 

40: 

2733.87010 

44.018422 

CaF2 

LSI 

121.696854 

41: 

-283.88458 

1.000000 



124.288734 

42: 

336.30525 

43.993297 

CaF2 

L52 

133.359390 

43: 

-1641.02052 

26.208757 



133.284454 

44: 

-305.07796 

25.000000 

Si02 

LS3 

133.233185 
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45: 

-428.53617 

9.225281 



137.790878 

46: 

704.67535 

38.550758 

Si02 

LS4 

139.115891 

47: 

-708.09492 

1.000000 



138.525772 

48: 

210.28367 

39.284351 

CaF2 

L5S 

126.898781 

49: 

533.77492 

www* 1 1 

1.000000 



122.815582 

50: 

178.50760 

37.746739 

CaF 2 

L56 

111.402145 

SI* 

379 62268 

1.057673 



104.079216 

52: 

169.01250 

33.580626 

CaF2 

L57 

93,513443 

S3: 

510.82832 

7.325751 



84.815453 

54: 

4574.64963 

50.000000 

Si02 

L58 

83.638657 

S5: 

379.11421 

2.326181 



53.309875 

56: 

563.01655 

50.000000 

Si02 

L59 

52.367188 

57: 

-4692.22208 

(WD) 



26.519352 


[Aspherlc Data] 


K 

: O.DOOOOO 


K 

: 0.000000 


A 

: 0.216518X 1 0 

-7 

A 

: -0. 170958 X 1 0 

-T 

B 

: 0.109348X l 0 

-11 

B 

: 0.631731 X 1 0 

-i ? 

C 

: 0.396907 X 1 0 

- 1 B 

C 

:rO. 315858 X 1 0 

- i B 

D 

: 0. 177070 X 1 0 

-2 0 

D 

: 0.957027x 1 0 

-» 1 

E 

: 0.301350x 1 0 

-2S. 

E 

: -0.298216 X 1 0 

-25 

F 

: 0. 748178 X 1 0 

-29 

F 

: -0. 655478 X 1 0 

-S tt 


ASP2 
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a: 

: 0.339337 


A 

: 0. 468446 X 1 0 

- 8 

B 

: 0.323507 X 1 0 

-1 I 

C 

: -0. 277057 X 1 0 

-11 

D 

: 0.454850 X 1 0 

0 

E 

: -0. 183005 X 1 0 

-24 

F 

: 0. 121371x10 

-28 


STABLE 8> 

Seventh Embodiment (Fig. 14) 
d 0 = 63.749748(]iim) 
WD = 13.389654(mn) 

Radius of Spacing Glass A^heric Lens 
curvature surface 
(mm) ' (ma) (mm) 


1: 

-396.81755 

2: 

318.4S576 

3: 

732.28117 

4: 

-379.10485 

5: 

525.04598 

6: 

-386.12241 

7: 

296.71481 

8: 

-1834.92841 

9: 

178.21689 


15.164101 Si0 2 
29.207879 

25.666287 Si0 2 

1.000000 

29.799021 SiD2 

1.000000 

27.521447 Si0 2 

1.000000 - 

15.000000 Si0 2 


111 66.032784 
71.297302 

L12 83.471970 
86.041710 

113 90.425125 
91,317108 

114 91.079468 
89.757446 

LIS 84.396111 


45 




0 
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10: 

128.82838 

30.507210 




77.857750 

5 

11: 

-912.34305 

18.141324 

Si02 


116 

77.741890 


12^; 

-290.65675 

1.000000 




77.271347 

to 

13: 

2184.51382 

47.405470 

Si02 


L17 

74.290833 

14: 

188.39849 

24.667168 




65.022842 


15: 

-180.63293 

15.000000 

S102 


118 

64.974625 

15 

16: 

308.32087 

19.189943 




68.677689 


17: 

-233.12081 

15.000000 

Si02 


L19 

68.994057 

20 

18: 

439.39083 

32.120556 




79.245667 


19: 

-336.14512 

15.000000 

Si02 

ASPl 

L20 

89.338654 


20: 

-2278.87871 

10.459773 




101.857063 

25 

21: 

-456.23451 

24.690274 

Si02 


L21 

102.820465 


22: 

-2S4.S349S 

1.000000 




110.024078 

30 

23: 

2814.34795 

54.862219 

Si02 


L22 

131.136322 


24: 

-244.85996 

1.000000 




135.344131 

35 

— 25: 

-1859.77632 

33.926267 

Si0 2 


L23 . 

144.103459. 


26: 

-387.77935 

1.000000 




146.107864 


27: 

350.00000 

44.271958 

CaF2 


124 

149.999664 

40 

28: 

22107.52832 

1.000000 




148.725906 


29: 

254,93631 

55.237937 

Si0 2 


125 

141.298035 

46 

30: 

-6319.95498 

31.357005 




137.595520 


31: 

664.06027 

18.849345 

Si02 


L26 

112.356766 


32: 

185.98655 

69.207456 




96.853653 

SO 

33: 

-174.34160 

15.000000 

Si02 

ASP2 

L27 

91.180862 


34: 

227.17956 

38.807665 




92.023659 

59 

35: 

-241.62100 

15.000000 

Si02 


L28 

92.325920 
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36: 

4079.61757 

15.799843 

ASP3 


103.721855 

s 

37: 

-376.03072 

39.964600 

CaF2 

L29 

104.289635 


38: 

-218.60371 

1.000000 



114.670761 

10 

39: 

oo 

6.289754 


AS 

125.662186 


40: 

1034.55937 

49.970241 

CaF2 

L5i 

133.965057 


41: 

-321.64602 

i.opoooo 



136.199570 

79 

42: 

468.84931 

48.186456 

CaF2 

LS2 

143.242279 


43: 

-704.77302 

17.319103 



143.524338 

20 

44: 

-346.54415 

25.000000 

Si02 

L53 

143.458008 


45: 

-611.18135 

5.972669 



147.975433 

26 

46: 

506.91799 

SO. 000000 

Si02 

L54 

150.196625 


47: 

-1493.04288 

6.590003 



148.599213 


48: 

277.37401 

50.000000 

CaF2 

L55 

139.059814 

30 

49: 

1289.11360 

7.965482 



133.022858 


50: 

179.54228 

44.409645 

CaF2 

LS6 

114.913353 

3S 

51-: 

446.48076 

1.057673- 




106.338089 


52: 

182. 12642 

32.279024 

CaF2 

L57 

95.185760 


53: 

558.39361 

8. 108756 



86.695763 

40 

54: 

-10831.21505 

50.000000 

Si0 2 

L58 

85.506866 


55: 

322.39407 

2.037539 



54.834679 

46 

56: 

399.72415 

50.000000 

Si02 

L59 

53.968300 


57: 

-1901.87993 

(WD) 



29.165956 
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55 
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47 



EP1 139 mAI 



K : 

0.000000 

K 

: 0.000000 


5 

A : 

0.894266 X 1 0"" 

A 

: -0. 155031 X 1 0 

-7 


B : 

0.474065 X 1 0-*' 

B 

: 0.622128 X 1 0 

-12 

10 

C : 

0. 152423 X 10-*' 

C 

: -0. 259658 X 1 0 

-l« 


P : 

0. 302088 X 1 0-" 

D 

: 0.943107X 1 0 

-2 1 

IS 

E : 

0.257776 X 10" 

£ 

: -0. 288354 X 1 0 

— 25 

F : 

-0. 100658 X 1 0 '" 

F 

: 0,360267x 1 0 

— 30 

20 

ASP2 






K : 

0.316202 




26 

A : 

0. 472957 X 1 O" 





B : 

0.240757X 1 0"'' 

- 



90 

C : 

-0.215896 X 1 O-^" 





D : 

0.217268X 1 0-" 





E : 

-0.736783 X 1 0"" 




3S 

F : 

"o. 336149 X 1 0-" 

-* • « 




40 [0191] Now Table 9 below presents numerical values corresponding to ftie conditions in the third embodiment to ttie 
seventh embodiment, and In the eighth embodiment (equivalent to the second emtxxiiment}. In Table 9, f2 Indicates 
the focal length of the rear lens unit GR, NA Indicates the numerical aperture on the second surface B side of the 
larajection optical system (= the image-side maximum numerical aperture NAw), 0 indicates the diameter (mm) of the 
image circle, p Indicates the projection magnification, y indicates the reduced use amount (kg) of fluorite as a disk 

45 member, yP Indicates the use amount (kg) of fluorite as the lenses ttiemselves (sl^pe material), and A indicate the 
number of aspheric surfaces. 


«TABLE 9» 



f2 

NA 

0 


y 

yP 

A 

(mm) 

(NAw) 

(mm) 

(kg) 

(kg) 

Embodiment 3 

128.0 

0.75 

27.5 

0.25 

0.0 

0-0 

6 

Embodiment 4 

134.2 

0.75 

27.5 

0.25 

8.6 

5.8 

6 

Emtx>diment 5 

140.2 

0.76 

27.5 

0.25 

13.5 

10.3 

6 

Emtx^diment 6 

141.6 

0.75 

27.5 

0.25 

45.2 

24.7 

3 
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«TABLE9» (continued) 


5 



f2 

IMA 

0 

\?\ 

y 

yP 

A 

(mm) 

(NAw) 

(mm) 

(kg) 

(kg) 

Embodiment 7 

1S6.4 

0.76 

27.5 

0JZ5 

65.9 

37.3 

3 

Embodiment 8 

128.3 

0.75 

26.6 

0.25 

14.1 

7.9 

6 


[0192] Next, Table 10 provides the fluorite amounty in Rg. 6 and Fig. 9, and the results of calculation of the parameter 
X (= f2 - 4 IPI - IMAwZ) fbr each of the embodiments, based on above Table 9. Table 10 further presenlB values of f2/NAw, 
which are calculated by dividing the focal length f2 of the rear lens unit 6R by the image-side maximum numerical 
aperture IMAw (= HA^ of the projection optical system, for each of the embodiments. 


«TABLE 10» 


IS 


20 


25 



x (=f2-4|P| ■ NAw2) 

y (amount of fluorite) 

f 2/NAw 

(mm) 

(kg) 

(mm) 

Embodiment 3 

72.0 00 

0.0 

1 70-67 

Embodiment 4 

75.468 

6.6 

1 78.93 

Embodiment 5 

78.863 

13.5 

1 8 6. 9 3 

Embodimenit 6 

79-650 

4 5.2 

186.80 

Embodiment 7 

6 7. 9 7 5 

65.9 

206.53 

Embodiment 6 

7 2. 1 6 9 

1 4. 1 

1 71.07 


[P193] The data A3 to A8 (A2} of (x. y) in the third embodiment to the eighth embodiment (the second embodiment), 
obtained from Table 10. are plotted In Fig. 8and Fig. 9. These data A3 to A8 are ail in the range of the region B5 and 
the region C5, and thus these embodiments satisfy the con<fitlon3 (11) to (14) and the conditions (15) to (18). Further, 
these embodiments all satisfy the conditions (d-1), (d-2). The third emtx)diment to the sixth embodiment, and the eighth 
emtx>dlment (the secoruj embodiment) satisfy the condition (e). 

[0194] The third embodiment to the fifth embodiment, and the eighth embodiment (the second embodiment) satisfy 
the conditions (19), (20), and the sbdh embodiment and the seventh embodiment satisfy the conditions (21), (22). 
[0195] Next, Tat>]e 11 presents the values corresporKiing to the conditions of the atx}ve embodiments concerning 
the conditions (t>-1), (t>-2) and (c-1), (c-2) of the aspheric shape. In Tat>le 11, the lens number indicates a numt>er of 
the lens having the first aspheric surface when counted from the first surface side, in the projection optical system of 
each embodiment, and the surface numt)er of aspheric surface a number of the aspheric surface from the first surfiaoe. 
The principal curvalure Ca is a local, principal curvature near the center of ttie optical axis of the aspheric surface and 
Is calculated according to Eq (b^). The principal curvature Cb is a local, prirmipal curvature in the meridional direction 
of the extreme marginal region of the clear aperture diameter of lens and is calculated according to Eq (b-5). 


«TABLE 11» 


46 
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Embodlnr\ent3 

Embodiment 4 

Embodiment 5 

Embodiment 8 

Lens number 

1 

1 

1 

1 

Surface numtjer of aspheric surface 

1 

1 

2 

2 

+ or - of rsfiBcting power 

+ 

+ 



Clear aperture diameter (mm) 

65.6 

67.5 

67.8 

66.6 

Principal curvature Ca 

-0.00014 

-0.00118 

-0.00318 

0.00329 

Principal curvature Cb 

•O.00308 

-0.00507 

0.00000 

-0.00234 

Cb/Ca 

21.660 

4.309 

0.000 

-0.711 


[0196] It is seen from this Table 11 that the third embodiment to the fifth embodiment, and the eighth embodiment 
0he second embodiment) satisfy the conditions (b-1). (b-2}. and (c-1), (c>-2) concerning the aspheric shape. 
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[0197] In the next place. Fig. 1 5 to Fig. 20 show the lateral aberration charts on the second surface B of the projection 
optical systems according to the third embodiment to tiie eighth emt»xfiment (the second embodiment), nespectrvely. 
[01 9Q] l-iere Fig. 15(A) to Rg. 19(A) are the iateral at>errBtion charts in the men'dional <firection at the image height 
Y = 13.75, Rg. 15(B) to Rg. 19(B) the lateral aberration diagrams in the meridional direction at the image heiglit Y = 
s 6.875, Fig. 15(C) to Rg. 19(C) the lateral aben^tlon diagrams in the meridional direction at the image height Y = 0 (on 
the optical axis). Fig. 15(D) to Fig. 19(D) the lateral atTerration diagrams In the sagittal direction at the image height Y 
= 13.75. Fig. 15(E) to Rg. 19(E) the iateral aberration diagrams in the sagittal direction at the Image height Y = 6.875, 
and Rg. 15(F) to Rg. 19(F) the lateral alierratlon diagrams In the sagitlai direction at the image he^ht Y = 0 (on the 
optical axis). 

10 [0199] Rg. 20(A) is the lateral abenation chart in the meridional direction at the image height Y = 13^, Rg. 20(B) 
the iateral al)ena1ion diagnam in the meridional direction at the image height Y = 6.65, Rg. 20(C) the lateral aberration 
diagram In the meridionai direction at the Image height Y = 0 (on the optical axis), Rg. 20(D) the iaterai aberration chart 
in the sagittal direction at the image height Y = 13.3, Rg. 20(E) the lateral abefralion diagram in the sagittal direction 
at the Image h^ht Y = 6.65, and Rg. 20(F) the lateral aben-ation diagram In the sagittal direction at the image height 

f5 Y = 0 (on the optical axis) 

[0200] in each of the iaterai at^erration charts of Fig. 15 to Fig. 20, a solid line represents an aberration curve at the 
wavelength k ~ 193.3 nm (the reference wavelength), a da^ed line an abefration curve at the wavelength X = 193.3 
nm + 0.175 pm (the reference wavelength + 0.175 pm), and a chain line an aberration curve at the wavelength X = 
193.3 nm - 0.175 pm (the reference wavelength - 0.175 pm). 

20 [0201] As apparent from Fig. 15 to Rg. 20, in the projection optical system of each emlx}diment the chromatic 
at)erration is corrected well across the wavelength region of ±0.175 pm. 

[0202] Each of the projection optical systems of tlie third embodiment to the seventh emt)odiment has the circular 
Image field having the diameter of 27^ mm and can ensure the rectangular exposure area, tor racample, having the 
width of atxuit 8 mm in the scanning direction and the width of about 26 mm in the direction perpendicular to the 
26 scanning dinoction. in the image field. When the projection optical systems of these embodiments are applied to those 
of ttie scanning exposure type projection exposure apparatus of the step-and-scan method, the stttch-and-scan meth- 
od, and so on, high throughput can t>e yielded accordingly. 

IP203] in the foregoing exampleSp the iBdangular exposure area employed in consideration of application of 
the projection optical system PL of each embodiment to the scanning exposure.apparatus, knjt the shape of the expo- 
30 sure area can be any area included in the circular image field; e.g., either of various shapes inducfing tha hexagonal 
shape, isosceles trapezoid, scalene trapezoid, rtiomboid, square, arc, arKi so on. 

[0204] The forgoing projection optical systems PL of the first embodiment to the seventh emkxMliment can be applied 
to the prqiection exposure apparatus of the emt>odiment shown in Rg. 5. Fig. 5 describes an example using the F2 
laser source as a light source and using the first emixxiiment as the projection optical system PL, but, for application 
35 of the projection optical systems PL of the second to seventh emtxxiiments optimized for the ArF excimer laser, the 
fundamental staicture of exposure apparatus except for the light source is also substantially the same as that In Rg. 5. 
[0205] The embodiment of the ^eposure apparatus according to the present invention wfll be described with reference 
to Fig. 5. 

[020Q Fig. 5 is a drawing to show the schematic structure of the projection exposure apparatus according to the 

^ emtx>dlmeniL in Rg. 5 an XYZ coordinate system Is adopted. 

[0207] The ^cposure apparatus according to the embodiment resu Its from application of the present invention to the 
projection exposure apparatus using the F^ laser source as an exposure light source and the refracting optical system 
as the projection optical system. The projection exposure eppamtus of the present embodiment employs the step-and- 
scan method of sequentially transferring a pattern image of a reticle Into one siiot area on a sut^strate by synchronous 

46 scanning of the nstide and the sutistrate in a predetermined direction relative to an illumination area of a predetermined 
shape on the reticle. Such exposure apparatus of the step-and-scan type can transfer the pattern of the reticle into the 
wider area on the sut>strate than the exposure field of the projection optical system. 

[020q In Fig. 5, the laser light source 2 has a combination of a fluorine dimer laser (F2 laser) having the oscillation 
frequency of 1 57 nm with a band narrowing device, for example. The F^ laser has FWIHM of about 1 .5 pm In spontaneous 
so emission and this F2 laser is combined with the band narrowing device to obtam laser light with FWHM of about 0.2 
pm to 0.25 pm. 

[020q The laser light source 2 in the present emtx)diment can be one of light sources emitting light in the vacuum 
ultraviolet region of the wavelengths of BbouH 120 nm to about 180 nm; e.g., the krypton dimer laser (Kr2 laser} having 
the osciilaUon wavelength of 146 nm, the aigon dimer laser (Ar2 laser) having the oscination wavelength of 126 nm, 
ss and so on. 

[021 0] The pulse laser light (ifluminatbn light) from the laser*iight source 2 Is deflected by a deflection mirror 3 toward 
a light deiayir^ opti<»l system 41 to be temporally divided into a plurality of t^eams with an optical path diffierence of 
not less than the temporal coherence length of the iOumination light from the laser light source 2. The Dght delaying 
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optical system of this type is disclosed, for example, in Japanese Patent Applications Laid-Open No. H01-198759 and 
Laid-open No. H1 1-174365. 

[021 1] The inumination light emitted from the light delaying optical system 41 is deflected by a path deflection mirror 
42 and thereafter travels successivety through a first ft/s eye lens 43, a zoom lens 44, and a vibrating mirror 45 to 

5 reach a secorKi ft/s eye lens 46. A switching revolver 5 for an aperture stop of an illumination optica] system, which 
is for setting the efSective size and shape of light source to desired ones, is located on the exit side of the second fly's 
eye lens 46. in the present example, the size of the beam into the second fly's eye lens 46 is variable by the zoom 
lens 44, in order to reduce loss in quantity of Dght at the aperture stop of the illumination optical system. 
[0212] The beam emerging from the aperture of the aperture stop of the illumination optical system travels through 

10 a condenser lens unit 10 to illuminate an ID umlnation field stop (reticle k>lind) 11.Theillumina1ionfieldstop11 is disclosed 
in Japanese Patent Application Laid-Open No. H04-196513 and United States Patent No. 5,473,410 oomesponding 
thereto. 

[0213] The light from the illumination field stop 11 is guided via an lllumlnation-field-stop imaging optical system 
(retlde-blind Imaging system) consisting of deflection mirrors 151, 154 and tenses 152, 153, 155 onto a reticle R, 

15 whereupon an illumination area, which is an image of the opening portion of the illumination field stop 10, is formed 
on the reflde R. The light from the illumination area, on the reticle R is guided through the projection optical system PL 
onto a wafer W, whereupon a reduced image of a pattern in the iDumination area of the reticle R Is fbmned on the wafer W. 
[0214] When the exposure light Is ligtit of the wavelength in the vacuum ultraviolet region, it is necessary to purge 
gases having the strong absorption property for such Bght in the wavelength t>and (which wiD be called hereinafter 

20 *'absorpthfe gases" at need), such as oxygen, water vapor, hydrocartxm-b^ed gases, and so on, from the optical paths. 
[021 5] In the present embodiment, therefore, the illumination optical path (the optical path from the laser light source 
2 to the reticle R) and the projection optical path (the optical path from the reticle R to the wafer W) are shut ofT from 
the Vernal atmosphere and those optica] paths are filled with a gas of nitrogen, helium, argon, neon, krypton, or the 
like as a specific gas having the property of little absorbing the light in the vacuum ultraviolet region, or a mixed gas 

25 of two or more selected thersfrom (which will be called hereinafter "iownsbsorptive gas" or "spedfic gas" at need). 
[0216] Spedficaily, the optical path from the laser source 2 to the Dght delaying optical system 41 is shut off from the 
exiemsA atmosphere by casing 30, the optical path from the light delayir^ optical system 41 to the illumination field 
stop 11 ofTfiTom the external atmosphere by casing 40, the illuminatlon-field-stop imaging optical system off from the 
external atmosphere by casing 150, and the foregoing speclfio gas is filled in those optical paths. The projection optical 

30 system PL itself iias a barrBi Kting as a casing and the Internal optical path thereof is filled with the forgoing specific 
gas. 

pi217] The specific gas filled in each optical path is preferably helium. However, nitrogen can also be used as the 
specific gas in the optical paths of the lliuminafion opiteal system from the laser swroe 2 to the iBtide R (the casings 
30, 40, 150). 

35 [0218] A casing 170 shuts off the space between the casing 150 housing the illuminatlon-field-stop imaging optical 
system, and the projection optical system PL from the external atmosphere and houses a relide stage RS for holding 
the refteie R inside. This casing 170 is provided with a gate 173 fbr toading and unloading of the reticle R and a gas 
replacement chamt}er 174 for preventing the atmosphere in the casing 170 from l>eing oontaminerted during loading 
and unloading of the reticie R. is provided outside the gate 173. This gas replacement chamber 174 is also provided 

40 with a ^te 177 and transfer of a r^ide Is implemented through the gate 1 77 to or from a reticie stocker 210 storing 
plural types of reticles. 

[Q219] A casing 200 shuts off the space between the projection optical system PL and the wafer Wfrom the external 
atmosphere and houses inside, a wafarstage 22 for holding the wafer W, anautofbcus sensor 26 of an ot>lique inddenoe 
type for detecting the position in the Z-directk>n (focus position) snd indination angle of the surface of the wafer W as 
^ a substrate, an alignment sensor 28 of the off-axis method, and a surface plate 23 carrying the wafer stage 22. This 
c^ng 200 is provided with a gate 203 for loading and unloading of the wafer W, and a gas replacement chamber 204 
for preventing the atmosphere inside the casing 200 from l)eing conf arrtirmted, is provided outside this gate 203. This 
gas replacement chamtjer 204 is equipped with a gate 207 and a wafer W is carried into or of the apparatus through 
this gate 207. 

50 [0220] Here each oftheca^ngs 40, 160, 170, 200 is provided with an inlet valve 147, 156, 171, or201, respedively, 
and these inlet valves 147, 156, 171, 201 are connected to an inlet pq>e path connected to an unrepresented gas 
supply. Each of the casings 40, 150, 170, 200 is also provided with an exhaust valve 148, 157, 172, or 202 and these 
exhaust valves 148, 157, 172, 202 are connected through an unrepresented exhaust pipe path to the foregoing gas 
supply. The specific gas from the gas supply is controlied to a predetermined target temperature by unrepresented 

55 temperature regulators. When helium is used as ttie specific gas, the temperature regulators are preferably located in 
the vidnity of the respective caangs. 

[0221] Similarly, the gas replacement chambers 174, 204 are also provided with an Inlet valve 175 or 205 and an 
extraust valve 176 or 206, and the inlet valves 175, 205 are conneded through an inlet pipe path while the exhaust 
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valves 176, 206 through an exhaust pipe path, to the foregoing gas supply. Further, the barrel of the pTX>Jection optical 
system PL is e&so provided with an inlet vaive 181 and an exhaust valve 182. and the inlet valve 181 is connected 
through an unrepresented inlet pipe path while the exhaust valve 182 through an unrepresented exhaust pipe path, to 
the foregoing gas supply. 

9 [0222] The inlet ^pe paths connected to the inlet valves 147, 156, 171 , 175, 161 , 201, 205 and the exhaust pipe 
paths connected to the exhaust valves 146, 1 57, 1 72, 1 76, 1 62, 202, 206 are equipped with a filter for removing dust 
(particles), such as a HBPA filter or an UlPA filter, and a chemlcai filter for removing the ak>sorptive gases including 
oxygen and the like. 

[0223] The gas replacement chambers 174, 204 require gas replacement every reticle exchange or wafer exchange. 

10 For example, on the occasion of reticte exchange, the gate 174 is opened to permit a reticle to be carried from the 
reticle stodcer 210 into the gas replacement Ghamt>er 174, the gate 174 is then closed to fill the interior of the gas 
replacement chamt)er 174 with the specific gas, and thereafter the gate 173 Is opened to mount the reticle onto the 
neticie stage RS. During wafer exchange, the gate 20718 opened to pemtit a waferto be carried into the gas replacement 
chamt>er 204, and then the gate 207 is closed to fill the interior of the gas replacement chamber 204 with the specific 

IS ggs. After that, the gate 203 is opened to mount the water onto the water holder 20. Procedures tor reticle unloading 
and water unloading are reverse to the atxive procedures. The procedures for gas replacement in the gas replacement 
chamber 174, 204 can be also arr^iged to first dec o mp re ss the atmosphere in the gas replacement chamber and 
thereafter supply the ^}ecrFic gas through the inlet valve. 

[0224] In the casings 170, 200, there is the possibility of mixing of the gas thereinto on the occasion of the gas 
20 rBpIaoement in the gas replacement chambers 174, 204 and the gas in the gas replacement chamt»rs 174, 204 can 
Gontein a considerable amount of the absorptive gases such as oxygen and the iilce with a high probat>ility. it Is thus 
desirabte to carry out gas replacement there at the same timing as the gas replacement in the gas replacement cham- 
bers 1 74, 204. The casings and the gas replacement chambers are pr^ierabiy filled with the specific gas at a higher 
pressure than the pressure of the external atmosphere. 
26 [0225] In the present emtx^diment, though not shown in Rg. 5, at teast one lens elemenf of the plurality of lens 
elements consdfuting the projection optical system PL is held so as to be able to be changed In at least one of its 
portion and posture. This malces the Ima^g characteristics of the projection optical system PL variable. Such ad- 
justing means are disclosed, for ^cample, in Japanese Patent AppBcations Lald-Open No. H04-192317, Laid-Open 
No. H04-127S14 (end USP No. 5,117,255 oorr«sponding thereto), Lald-Open No. H05-41344, and Laid-Open No. 
30 H06-84527 (and USP No. 5,424.552 corresponding thereto). 

[0226] In the present embodiment at least one of the lens elements changeable In at least one of the position and 
posture Is preferably a spherical lens. 

[0227] The projection optical systems PL of the second to seventh emlx»jlmente optimized for the ArF exdmer laser 
can be applied te the projection exposure apparatus disclosed in Japanese Patent Applications Laid-Open No. 
35 H06-260386 (USP No. 5,559,584), Lald-Open No. H11-233447, W09B/57213, WO99/10917, and WO99/50B92, and 
soon. 

[0228] Tlie projection exposure apparatus of the present Invention is preferably provided with ttie light source for 
supplying the exposure light in the wavelength region of not more than 180 nm, the illumination optical system tor 
guiding the exposure light from this light source to the pattern on the projection master, and the projection optical 
40 system located in the optical path tietween the prcsjecdon master and the woriquece and giodir^ 25% or more tiy 
quantity of the exposure light having pass^ through the prcsjection master, to the worlcpiece to form a reduced image 
of the pattern on the worlcpiece. 

[0220] it Is diffRcult to raise the sensitivity of photosensitive resin (resist) materials available for the wavelength region 
of not more than 1 80 nm, as compared with those for the longer wavelengths, and, wttere the projection optical system 

45 guides only 25% or less t>y quantity of the exposure light from ttie prcjection master to the worlcpiece, it Is necessary 
to in{:re^e the exposure time in order to ensure a necessary ^cposure dose for ttie resist, which will undesirat>ly 
decrease the throughput In this case, more heat is accumulated in the projection optical system, so as to give rise to 
thermal aberration of the projection optical system, i.e., aberration due to variations In the refiBctive indices of the 
lenses or gas and variations in index distritnitton, caused tty the accnimulation of heat in the projection optical system. 

so This is undesirable, because projectton exposure cannot be implemented under stable imaging performance. 

[0230] The projection exposure apparatus acxxirding to the emtxidiment of Pig. 5 adopte the projection optical system 
PL according to tiie embodiment cjf Fig. 1. The glass material making this projection optical system PL is fluorite as 
ctescribed previously and its fransmittance per cm for the exposure light of 157 nm Is 99 to 99.5%. Antireflection coats 
for the exposure llgtit of 157 nm are tfiose having the loss of light quantity per lens surfece of 1%. From the above 

S5 values, the projection exposure apparatus of Fig. 5 provided with the projection optical system of the embociiment of 
Rg. 1 h^ the transmlttan<» of 37% and satisfies the foregoing cxmditton. 

[0231] The projection expcssure method according to the present invention is preterably a projection exposure method 
of projec:ting a reduced image of a pattern provided in a projection master, onto a worlcpiece to effect exposure thereof. 


52 


EP1 1391^A1 

comprising a step of supplying expmure light in the wavelength band of not more than 200 nm; a step of guiding the 
exposure light Irom the ilght source through the illumination optical system onto the pattern on the projection master; 
and a step of guiding the exposure light from the projection master through the projection optical system onto the 
workpiece to form the reduced image of the pattern on the worlcplece; wherein the following condition is satisfied: 

s 

where En1 is a quantity of the exposure light incident to the illumination optical system, En2 a quantity of the 
10 exposure Oght traveling from the illumination optical system to the projection nnaster, En3 a quantity of the exposure 
light incident to the projection optical system, and En4 a quantity of the exposure light emerging from the projection 
optical system toward the workpiece. 

[0232] When the above condition (6) is not satisfied, it t>eoomes infeasible to achieve the functions necessary for 
the iliumination optical system, e.g., unifbmi illumination on the woHcpieoe or the lilce, so that a fine circuit pattem cannot 

IS be transfenred onto the workpiece, which Is undesirable. 

[0233] in the foregoing projection exposure method, the step of guiding the exposure light to the pattem preferat>ly 
comprises an auxiliary step of passing the exposure Ught throu^ a space filled with a ^s aftmosphere having the low 
at>sorption property for thte light in the wavelength region, and the step of forming the reduced image of the pattern on 
the wortq>tece preferably comprises an auxiliary step of passing the exposure light through a space filled with a gas 

20 atmosphere having the low at>30ipt]on property for the Ilght in the wavelength region. 

[0234] Next described referring to the flowchart of Fig. 6 is an example of operation to fabricate semiconductor 
devices as microdevioes by forming a pradetemrilned circuit pattem on the wafer by use of the projection exposure 
appamtus of the above emtx>dimeni 

[0235] Rrst, in step 301 of Fig. 6, a metal film is evaporated onto one lot of wafers, in next step 302, a photor^ist 
25 is applied onto the metal film on the lot of wafers. After that in step 303, an image of a pattem on a reticle R is 
sequentially transferred through the projection optical system PL into each shot area on the tot of wafers, using the 
prcjection exposure apparatus of Rg. 5 provided with the projection optical system PL of either the first or second 
emtxjdimenL After that in step 304, the photoresist on the lot of wafers Is developed and thereafter in step 305, etching 
is eftected on the lot of wafers, using the resist pattem as a masic, thereby forming a circuit pattem corresponding to 
30 the pattem on the retide in each shot area on each wafer. After that such devices as the semiconductor devices 
are fabricated by further carrying out formation of circuit pattems of upper layers and the iiice. 
[0236] By the foregoing semiconductor device fabrication method, the semioonductor ctevices having extremely fine 
circuit pattems can be ^bricated at high throughput. 

[0237] The projection exposure apparatus of the above emtXKf iment can also t>e applied to f^srication of liquid crystal 
S5 display devices as microdevices, by forming a predetermined circuit patlem on a plate (glass 8ut)strete). An example 
of operation in this application will be descrit>ed below refem'ng to the flowchart of F=1g. 7. 

[0238] In Rg. 7, a pattem forming step 401 Is a step of carrying out the so-called photolithography to transfer a 
pattem of a reticle onto a photosensitive sut>5trate (a glass sutistrate coated with resist, or the like) by use of the 
exposure apparatus of the present emtxsdiment After completion of this photolithograpfTy step, a predetermined pattem 
40 including many electrodes and others is formed on the photosensitive substrate. After that, the exposed substrate is 
processed through steps including a development step, an etching step, a reticle removing step, and so on, wheret>y 
a predetermined pattem fbrmed on the sutsstrate. TTien the substrate is transferred to the next color filter forming 
step 202. 

[0239] Next in the color filter forrning step 402, a color filter is formed in a matrix of many sete of three dote oorre- 
46 spending te R (Fted), G (Green), and B (Blue). Then a cell assembly step 403 is carried out after the color filter forming 
step 402. 

[0240] In the cell assemt}iy step 403, a liquid crystal panel (liquid crystal cells) is assembled using the substrate with 
the predetermined pattern obteined in the pattem fomriing step 401 , ttie color fitter obtained In the color filter forming 
step 402. and so on . In the ceil assemt^ly step 403, for example, the liquid crystet panel QtK^ld crystal cells) is fabricated 
so by charging the liquid crystal into between the substrate with the predetermined pattem obtained in the pattem forrning 
step 401 and the color filter obteined in the color filter fomriing step 402. 

[0241] In a module assembly step 404 thereafter, a liquid crystal display device is completed by mounting such 
components as an electric circuit for display operetion of the assembled liquid crystal panel (liquid ciystel cells), a t>ack 
light, and so on. 

S5 [0242] By the Ibregolng liquid crystal display device fabrication method, the liquid crystei display devices having 
extremely fine circuit pattems can be fabricated at high throughput. 

[0243] In the foregoing embodiment of Rg. 5, the fl/s eye tenses 43, 46 as optical integrators (unifbrmizers or ho- 
mogenizers) In the illumination optical system can be micro-fly*s eye lenses tebricated by fom^ng a plurality of microiens 
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surfaces on a single substrate by the technique of etching or the like. The first fiy^s eye lens 43 may be naplaoed by a 
diffraciive optical element which diverges incident light by diffraction action to form the illumination field in circular, ring, 
or multipolar shape in the far field (Fraunhofer diffraction region) thereof. The dHfractiva optical element of this type 
can be one diseased in USP No. 5,850,300, for example. When the diffractlve optical element is entplcyed, the light 

s delaying optical system 41 may be omitted. 

[Q244] The optical integrators can be either of internal reflection type Integrators (rod integrators, optical pipes, optical 
tunnels, etc.). When an interral reflection type integrator of this kind Is used, the exit surface of the Intemal reflection 
integrator becomes approximately conjugate with the pattem surface of the reticle. For applying it to the aforementioned 
embodiment therefore, the Illumination field stop (retide blind) 11 is located, for example, in close proxinruty of the exit 

10 surface of the intemal reflection integrator and the zoom lens 44 is constructed so as to establish the substantial 
conjugate relation between the exit surfiace of the first fly's eye lens 43 and the entranoe surface of the Intemal reflection 
Integrator. 

[0245] When the wavelength of the exposure light Is not more than 180 nm, at least either of the microiens array, 
diffractive optical element, intemal reflection Integrator, and lens elements in the iilumination optical system is preferably 

IS made of a material selected from tfie group consisting of fluorite, siGca glass doped with fluorine, silica glass doped 
with fluorine and hydrogen, silica glass having the stoicture. determination temperature of not more than 1200K and 
the hydrogen mOlecuie concentration of not less than 1 x lO'^^ nrfolecules/cm^, sifica glass having the stoicture deter- 
mination temperature of not more than 1200K and the chlorine concentration of not more than 50 ppm, and silica glass 
having the structure detemrunat on temperature of not vnorQ than 1200K, the hydrogen molecule concentration of not 

2D less than 1 X 1 0^ 7 molecules/cm^, and the chlorine concentration of not more than 50 ppm. When the exposure wave- 
length is within the range of 180 nm to 200 nm (e.g., the ArF exdmer laser). It is also possible to use silica glass having 
the structure determinalion temperature of not more than 1 200K and the OH-group concentration of not less than 1000 
ppm, in addition to the foregoing materials. 

[0246] The silica glass having the structure detemiination temperature of not more than 1200K and the OH-group 
25 concentration of not less than 1000 pm is disclosed in Japanese Patent No. 2770224 of Applicant of the present 
application, and the silica glass having the structure determination temperature of not more than 1200K and the hy- 
drogen molecule concentration of not less than 1 x lOi^ molecules/dm^, the silica glass having the structure determi- 
nation ten^erature of not more than 1200K and the chlorine concentration of not more than 50 ppm, and the silica 
glass having the sbucture determination temperature of not more than 1200K, the hydrogen molecule concentration 
30 of not less than 1 x lO''^ molecules/cm^, and the chlorine concentration of not more ttian 50 ppm are disclosed in 
Japanese Patent No. ^36138 of Applicant of the present application. 

P247] In the protection optical system PL according to the foregoing first embodiment, each of the lens elements 
rraidng the prcgection optical system was made of fluorite, t>ut each lens element making the projection optical system 
is prsfierably made of a material of at least one kind selected from the group consisting of calcium fluoride (CaF2, 
35 fluorite). barium fluoride (Ba^^, lithium fluoride (LiF), magnesium fluoride (MgF2)» lithium calcium aluminum fluoride 
(LiCaAiPe), lithium strontium alumirwjm fluoride (LiSrAIFe), and strontium fluoride {Srf=^. 

[0248] In the at>ove embodiment of Fig. 5, supposing the application of the projection optical system PL of the first 
emkwdiment, the laser light source was the one for supplying the band-narrowed fluorine dimer laser (F2 laser) of the 
osdliatlon wavelength of 157 nm, but the present invention Is not limited to the F2 laser. For example, tlie laser light 
40 to t>e used can also be the band-narrowed ArF exdmer laser of the osdllalion wavelength of 193 nm, or the Kri= ^cdmer 
laser of the oscillalion wavelength of 248 nm. 

[0249] It is dilficult to narrow the band of the laser light source in the wavelength regbn of wavelengths not more 
than 200 nm. but the application of the present invention relaxes the degree of band narrowing of the laser light source 
and thus presents the advantage of decreasing the load of achromatism of the projection optical system. 

^ . \Q2SOi Further, the aforementioned embodiment used the F2 laser as a light source, but it can be replaced tjy a 
harmonic of a solid state laser such as the YAG laser or the like having the oscillation spectrum at 157 nm. It is also 
possible to use a harmonic obtained by amplifying single-wavelength laser light in the infrared region or in the visible 
region, lased from a DFB semiconducbr laser or a fiber laser, for example, by a fiber amplifier doped with erbium (Er) 
(or doped with both ert>ium and ytterbium (Yb)) and converdrtg the wavelength into ultraviolet radiation by use of a 

50 nonlinear optical crystal. 

[0251] For example, when the osciiiation wavelength of ihe single-wavelength laser light is in the range of 1.51 to 
1.59 \i m, the tenth harmonic is outputted at the generated wavelength in the range of 151 to 159 nm. In particular, 
when the oscillation wavelength Is in the range of 1.57 to 1.58 pm, the tenth harmonic is obtained at the generated 
wavelength in the range of 157 to 1 58 nm; i.e., ultraviolet radiation with the wavelength approximately equal to that of 

ss the F2 laser light When the oscillaition wavelength is in the range of 1 .03 to 1 . 1 2 pm, the seventh hamnonic is outputted 
at the generated wavelength in the range of 147 to 160 nm and, particulariy, when the osdllalion wavelength Is In the 
range of 1 .099 to 1 .106 |im, the seventh harmonic is obtained at the generated waveler^th in the range of 157 to 1 58 
nm; i.e., ultraviolet radiation with the wavelength approximately equal to that of the F2 laser light An yttriurrKioped 
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fiber laser is used as the single-waveiength oscniafion laser. 

]fi2S2\ When the harmonic from the laser light source Is used as descrltied above, this harmonic Hself has a sufficiently 
narrow spectral width (e.g., 0.3 pm or less) and thus It can be i^ed instead of the aforementioned Bght source 2. 
[0253] In the first emtxxjiment the projection optical system was constructed using the single kind of material, but 

s the projection opUcai system does not always have to be limited to the single kind material. When the projection optical 
system is constructed on the premise of the exposure Dght in the vacuum ultraviolet regbn near the far ultraviolet 
region, or In the far ultravtolet region as In the second emtxxflment, synthetic quartz and fluoiite can be used as ma- 
terials. When the projection optical system is constructed on the premise of the exposure Ught in the vacuum ultraviolet 
n30on, the materials can be at least two kinds of materials selected from the group consisting of calcium fluoride (CaF2, 

10 fluorrte), barium fluoride (BaFJ. lithium fluoride (UF), magnesium fluoride (MgF2). lithium calcium aluminum fluoride 
(LiCaAIFe), lithium strontium aluminum fluoride (USrAIFg), and strontium fluoride (SrFj). A diffractive optical element 
may be added to the projection optical system, so as to enjoy the advantage of the chromatic aberration correctmg 
efTed by the diffractive optical element 

[0254] In the emtx»jiment of Rg. 5, a prism made of a birefringent material for prevention of speckle may be placed 

IS on the entmnce side of the first fly*s eye lens 43. The speckle-preventing prism of this type is disclosed, for example, 
in USP No. 5,253,110. When the exposure light is light with the exposure wavelength of not mors than 180 nm, a prism 
made of a crystal of magnesium fluoride (Mgf^ can be used Instead of the quartz prism dlsck>sed In USP No. 5,253,1 10. 
[0255] This wedge prism made of the crystal erf magnesium fluoride is placed so as to gradually change its thtokness 
in the direction crossing the optk:al axis of the illumir^tion optical system. Then another wedge prism for correction of 

2D optical path is placed opposite to the wedge prism of the crystal of magnesium fluoride so that their apexes are directed 
in opposite directions to each other. This path-correcting wedge prism has the same apex angle as the prism of the 
crystal of magnesium fluoride and is made of a light-4ransm!tting material without birefringence. Ttiis stmcture can align 
the light Incident to the pair of prisms and the light emerging iher^rom in the same traveling direction. 
[0256] The nmteriai of the path-oonecting prism is preferably one selected, for example, from the group consisting 

26 of fluorite, silica glass doped with fluorine, silica glass doped with fluorine and hydrogen, silica glass having the structure 
determination temperature of not more than 1 200K and the Oi-i-group concentration of not less than 1000 ppm, silica 
glass having the structure determination temperature of not more than 1200K and the hydrogen molecule concentratktn 
of not less than 1 x 10^^ molecides/cm^, silica glass having the structure determination temperature of not more than 
1200K and the dilorine concentratbn of not more than 50 ppm, and siGca glass having the structure determination 

30 temperature of not more than 1200K, the hydrogen molecule concentration of not less than 1x10^^ moieculesATn^, 
and the chlorine concentration of not more than 50 ppm. 

[0257] The embodiment of Fig. 5 employed the step^and-scan method, tujt the exposure apparatus of the embodi- 
ment can be exposure apparatus of the stitching and slit scan type. When the stitching and sGt scan method is employed, 
the reticle and substrate are synchronously scanned In a predetermined first direction relative to the illumination area 

36 of predetermined shape on the reticle, theretsy elfecting exposure in an area of the first column on the &ut>strate. After 
tliat, the retkde is replaced or ttie reticle is mov^ hy a predetermined distance atong a second direction perpendicular 
to the flrst direction of the foregoing fliumlnalion area, thereby horizontaOy shifting the sut)strate In the direction con- 
jugate with the second direction of the illumination area. Then the r^kje and substrate are again synchronously 
scanned in the first direction relathre to the Illumination area of the predetermined shape on the reticle, tfieret>y effecting 

40 exposure in an area of tlie second column on the sut>strate. 

[0256] The exposure apparatus of this stitching and silt scan type can perform exposure of the pattern of the reticle 
in a wkter area on the substrate than the exposure field of the projection optical system. Such stitching and ^it scan 
type wposure apparatus are disclosed in USP No. 5,477,304, Japanese Patent Applications Laid-Open No. 
md-330220 and Lakl-Open No. H10-284408, and so on. 

45 [0259] The above embodiment can also adopt the fiill exposure method of transferring the full pattern image on the 
retide inte a predetermined shot area on the sutsstrate at one time. 

[0250] The emt»9diment of Rg. 5 was provided with only one wafer stage for hdding the wafer as a workplace 
(photosensitive substrate}, but the apparatus may be constructed in the structure with two sets of wafer stages, for 
example, as (fisdosed in Japanese Patent AppGcations Laid-Open No. H05-17509B, i.aid-Open No. H10-163097, Laid- 

5D Open No. H10-1630W, Laid-Open No. H 10-1 63099, Laid-Open No. HI 0-2 14783, and so on. 

[0261] Further, the present Invention can not be applied only to the exposure apparatus used in fabrication of sem- 
iconductor devices, but can also be applied to the exposure apparatus for transferring a device pattem onto a glass 
plate, used in fabrication of displays including the liquid crystal display devices and the like, the exposure apparatus 
Ibr transfening a device pattem onto a ceramic wafer, used in fabrication of thin-film magnetic iieads, the exposure 

55 apparatus used in fatHication of imaging devices (CCDs eto.), and so on. The present invention can also be applied 
to the exposure apparatus for transferring a cirmit pattem onto a glass sulstrate or a silicon wafer or the Gke for 
fabrication of a reticle or a mask. 

[0262] As described above, the present invention can be realized in various configurations without having to t3e 
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. limited to the afonementioned embodiments. The disclosures in the intematfonel application PCT/JPM/05329 filed 
September29, 1999and in the intemal application PCn7JP99/063d71iled November 16, 1999Jncludlng their respective 
^jedfications, scopes of claims, drawings, and abstracts all are incorporated herein by reference. 

5 Industrial Applicability 

[0263] As described above, the projection optica) systems of the present Invention are those capat>le of suppressing 
the chromatic at>erration thereof and reducing the loads on tiie light source. The correction of chromatic aberration Ibr 
the exposure light having some spectral width can be implemented by adding a ^ngle kind of glass material or the 
10 small number of ootor-corractirig glass materials. 

[0264 By the projection exposure apparatus and methods according to the present invention. It is feasible to obtain 
the very fine circuit patterns of microdevices wNle simplifying the structure of the projection optical system. 
[0265] By the device fabrication methods according to the present invention, the very fine drcuot patterns of micro- 
devices can be obtained without a drop In throughput 

15 

Cialma 

1. A dioptric projection optical system for forming an image of a pattern on a first surface, onto a second surface by 
20 action of radiation-transmitting refractors, comprising: 

a front lens unit having a positive refracting power, located in an optical path t>etween said first surface and 
said second surface; 

a rear lens unit having a positive refracting power, located in an optical path between said front tens unit and 
2S said second surfiaoe; and 

an aperture stop located In the vicinity of a rear focal point position of said front lens unit; 

said projection optical system being telecentrfc on the said first surface side and on the said second surface 

side, 

wherein the following condition is satisfied: 

30 

0.065 < f2A. < 0.125, 

where f2 is a focal length of said rear lens unit and L Is a distance from said first surface to said second surface. 

2. The projection optical system according to Claim 1, said projection optical system comprising at least one tens 
surfeK» of aspheric shape. 

3. Tlie projection optical system aocording to Claim 2, wlierein when six lenses are selected In order from the said 
40 first surface side of lenses living their respective refracting powers In said projection optical system, at least one 

surface of the six lenses h^ an aspheric shape iiaving a negative refracting power. 

4. The projection optical system according to Claim 1, 2, or 3, wherein said front lens unit comprises a first lens unit 
witii a negative refracUng power, a second lens unit with a positive refiacting power, a third lens iniit with a negative 

45 refracting power, and a fourth lens unit with a positive reftacting power in ttie order nanted fh>m the first surface side, 

wherein the following conditions are satisfied: 


50 


-1.3<1/p1<0,and 


0.08 < Ll/L < 0.17, 


where pi Is a composite, lat^ magnification of said first lens unit and said second lens unit, LI Is a distance 
from said first surface to a tens surface closest to said second surface in said second lens urut, and L is the distance 
from said first surface to said second surface. 

5. Tlie projection optical system according to Claim 4, wherein said first and second lens units include at least 
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lens surfaoes of aspheric shape and oomprisa ten or more lenses. 

6. The pnpjection optical system according to either one of Claims 1 to 5, wherein said front lens unit comprises a 
first lens unit with a negative refrading power, a second lens unil with a positive refracting power, a third lens unit 

5 vtrith a negative refracting power, and a fourth lens unit with a po^tive refracting power in the order naned from 

the first surface tide. 

7. The projection optical system according to either one of Claims 4 to 6, wherein the following condition is satisfied: 

0.46 <C/L< 0.64, 


where C is a total thickness along the optical axis of the radiation4ransmittjng refractors located in the optical 
path of said projection optical system and L is the distance from said first surface to said second surface. 

6. The projection optical system according to either one of Claims 1 to 7. wherein the following condition is satisfied: 


0.15 < Ea/E < 0.7. 

where E is the total number of memtsers having their respective refracting powers among radiation-transmit- 
ting refroctors in said projection opficai system and Ea is the total numlTer of members each provided with e lens 
suriace of aspheric shape. 

25 9. The projection optical system according to Claim 6, wherein the total number of said members having their re- 
spective refractir^ powers Is not less than 16. 

10. The projection optical system according to Claim 8 or 9, wherein the total number of said members having their 
respective refracting powers Is not more than 26. 

30 

11. The projection optical system according to Claim 8, 9, or 10, wherein radiation-transmitting refractors in said pn> 
jectlon optical system are made of a single kind of material. 

12. The projection optical system according to either one of Claims B to 11 , wtierein the radiation-lransmitting refractors 
36 in sakl proJectk)n optical system comprise first radiation-transmitting refractors made of a first material and second 

radiation-transmitting refractors made of a second materiai, and 

wherein a percentage of the number of said second radiation-transmitting nefracfors to the number of the 
members having ttieir respective r^racting powers among said radiation-transnrutting relractors, is not more than 
32%. 

40 

13. The projection opficai system according to either one of Claims 1 to 12, said projection optical system forming a 
reduced Image of sakl patlem on said first surliaoe, on said second surfiace. 

14. The projection optical system accorcfing to either one of Claims 1 to 13, wherein said aperture stop is located In 
45 an optkxJ path between said front lens unit and said rear lens unit. 

15. A method of fabricating a dlc^c projection optical system for forming an image of a patlem on a first surface, 
onto a second surface by action of radiation-transmitting refractors, comprising:: 

so a step of locating a front lens unit having a po^tive refracting power; 

a step of locating a rear tens unit having a positive refracting power, t>etween the front lens unit and said 
second surface; and 

a step of locating an aperture stop between said front lens unit and said rear lens unit; 
wherein saki front lens urut, said rear lens unit, and said aperture stop are located so that the projection optical 
55 system is t^oentric on the said first surface side and on the said second surface side, and 

said method using the projection optical system satisfying the Ibllowing condition: 
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0.065 < fZfl. < 0.125. 

where is a focal length of said rear lens unit and L is a distance from said first surface to said second surface. 

16. A dioptric projection optical system for forming an image of a pattern on a first surface, onto a second surface by 
action cf radiation-transmitting refractors, comprising: 

Itiree or more lenses liaving their respective reiracting powers, 

wherein when three lenses are selected in order from the said first surface side of said lenses having their 
respective reliBCting powers, at least one surface of said three lenses has an aspheric shape with a negative 
reftading power. 

17. A dioptric projection optical system for forming an Image of a pattem on a first surface, onto a second surface by 
action of radiation-transmitting refirBciors, compris&ig: 

a plurality of lenses having their respective refracting powers, 

wherein when two lenses are selected in order from said first surface of said lenses having their respective 
refiBcting powers, at least one surface of the two lenses has an aspheric suriace, and wherein, where Ca is 
a local, principal curvature near a center of an optical axis of the aspheric surface and Cb is a local, principal 
cuivature in the merldbnal direction of an extreme marginal region of a lens dear ^rture diameter of the 
aspheric surfi»»p 

the following condiilon holds when said aspheric surface has a negative refracting power 

Cb/Ca < 0.7; 

the following condition holds when said aspheric surface has a positive refracling power 

Ch^Ca>1.6. 

18. A dioptric projection optical system for forming an Image of a pattem on a first surface, onto a secorid surface by 
action of radlatiorv-lransmitting refractors, comprising: 

four or more lenses having their respective refracting powers, 

wherein when Ibur lenses are selected in order firom said first surface of said lenses having their respective 
retracting powers, at least one surface of the four lenses is an aspheric surface, and wherein, where Ca is a 
local, principal curvature near a center of an optical axis of the aspheric surface and Cb is a local, principal 
curvature in the meridionai direction of an extreme marginal region of a lens dear aperture diameter of the 
aspheric surface, 

the following condition holds when said aspheric surface has a negative refracting power: 

Cb/Ca < 0.45; 

the following condition holds when said aspheric suriace has a positive r^racfing power: 

Cb/Ca > 2.3. 

19. A method of fabrlcatir^ a dioptric projection oj^tical system for forming an image of a pattem on a first surface, 
onto a second suriace by action of radiation-transmitting refractors, comprising: 

a step of localing four or more lenses having their respective refracting powers, 

wherein when four lertses are seieded in order from said first surface of said lenses having their respedive 
refracting powers, at least one surface of the four lenses is an asph^ic surface, and wherein said aspheric 
surface Is seieded In such a manner that, where Ca is a local, prindpal curvature near a center of an optical 
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• axis of the aspheric surfiaoe and Cb is a local, principal curvature in the meridional direction of an extreme 
marginal region of a lens dear aperture diameter of the aspheric surface, 
the following condition hc^s when said aspheric surface has a negative refracting power 

CUCa < 0.45; 

Itie following condition holds when s^d aspheric surface has a positive refracting power 

Cb/Ca>2.3. 

20. A projection optical system for forming a reduced image of a pattern on a first surface, onto a second surface, 
comprising, in order from the first surface side: 


a first lens unit haying a negative refracting power; 
a second lens unit having a positive refracting power; 
a third lens unit having a negative refracting power; 
a fourth lens unit liaving a positive refracting power; 
20 an aperture stop; and 

a fifth lens unit having a posittve refracting power, 
wherein the following conditions are satisfied! 

_ .1.3<1/pi<0,and 

0-08 <L1/L< 0.17, 

30 where pi is a composite, lateral magnification of said first lens unit and said second lens unit, L1 is a distance 

from said first surface to a lens surface closest to said second surface in said second iens unit, and L is a 
distance from said first surface to said second sinface. 

21. The projection optical system according to Claim 20. wherein when six lenses are selected in orcterfrom tfie said 
35 first surface side of lenses having their respective refracting powers in said projection optical system, at least one 

surface of the six lenses has an aspheric shape with a negative refracting power. 

22. The projection optical system according to Claim 20 or 21 , wherein said first and second lens units include at least 
two aspheric lens surfaces and comprise ten or more lenses. 


23. The projection optical system according to Claim 20, 21, or 22, wherein the foDowIng condition Is satisfied: 

0.46 <aL< 0.64. 

where C is a total thldoiess along the optical axis of the radiation4ransmitting refinactors located in the optical 
path of said projection optical system and L Is the distance from said first surface to said second surface. 

24. The projection optical system according to either one of Claims 20 to 23. wherein the following condition is satisfied: 

0.15 < Ea/E < 0.7, 


where E is the total numt>er of memtiers having their respective refracting powers among the radialion- 
55 transmitting refractors in raid projection optical system and Ea is the total numt>er of members each provided with 

a lens surface of aspheric shape. 

25. The prxjjectlon optical system according to Claim 24, wherein the total numt>er of said members having their re- 
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spactive refracting powers is not less than 16- 

26. The projection opticaf system aocording to Ctaim 24 or 25, wherein the total number of said mentere having their 
respective refracting powers Is not more than 26. 

27. The projection optical system aooording to Claim 24, 25, or 26, wherein the mdiation^ransmitting refractors in said 
projection optical system ere made of a single kind of material. 

28. The projection optical system according to Claim 24, 25, or 26, wherein the radiation-transmitting refractors in said 
projection optical system comprise first radiatlon-transmrtting refradors made of a first material and second radi- 
ation-transmitting refractors made of a second material, and 

wherein a percentage of the nijmt>er of said second radiation-transmitting refmclors to the number of the 
members having tiieir respective refracting powers among said radiation-transntittlng refractors, is not more than 
32%. 

9. The projection optical system according to either one of Cl^ms 20 to 28, wherein when a ray parallel to the optical 
axis of said projection opticat system Is made Incident from said second surface side into said projection optical 
system, an angle between said optical axis and said ray as emitted toward said first surface, is not more than 60 
minutes. 

30. The prcjedion opticai system according to either one of Claims 20 to 28, wherein the following condition is satisfied: 

0.065 <f2fl-< 0.125. 

where f2 is a focal length of said fifth lens unit and L is the distance frorn said first surface to said second 
surface. 

31. A method of fabricating a projection optical system for forming a reduced image of a pattern on a first surface, 
onto a second surface, oompiising the steps of: 

a step of preparing a first lens unit havvig a negative refracting power; 
a step of praparing a second lens unit having a positive refracSng power; 
a step of preparing a third lens unit having a negative refracting power; 
a step of preparing a fourth lens unit having a positive refracting power; 
a step of preparing an aperture stop; 

a step of preparing a fifth tens unit having a positive refracting powen arid 

a step of locating said first lens unit, said second lens unit, said third lens unit, said fourth lens unit, said 
aperture stop, and said fifth iens unit in the order named from the said first surface side; 
wherein, where pi is a composite, lateral magnification of said first lens unit and said second iens unit, L1 a 
distance from said first surface to a lens surfeoe closest to said second surface in said second lens unit, and 
L a distance from said first surface to said second surface, said first and second lens units are prepared so 
as to satisfy the tbllowing condition: 

-1.3<1/pi<0, 

and said first and second iens units are located so as to satisfy the following condition: 

0.08 < L1/L < 0.17. 

32. A projection optical system for forming a reduced image of a pattem on a first surface, onto a second surface, 
oomprisir^: 

at least one light-transmitting refractor located in an optical path of said projection optical system, 
wherein the following condition is satisfied: 
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0.46 <Crt.< 0.64, 

where C is a total thickness along Itie optical axis of the radiation transmitting refractor located in the optical 
s path of said projection optical system and L is a distance from said first surface to said seoond surface. 

33. TTie prelection optical system according to Claim 32, wherein the total number of memt^ers having their respective 
refracting powers among said l^ht-transmitting r^ractor is not less than 16. 

10 34. The projection optical system acoording to Claim 32 or 33, wherein the total number of members having their 
resF^ectlve refracting powers among said iight-transmitfing refractor is not more than 26. 

35. The projection optical system according to Claim 32, 33, or 34, wherein the radiation transmitting refractor In said 
projection optical system is made of a single kind of material. 

IS 

36. The projection optk»l system according to either Claim 32, 33, or 34, wherein the radiation transmitting refractor 
In said prpjeclion optk:al system comprise first radlatk»i-transmitting refractors made of afirst material and seoond 
radiation-transmitting nsfractors made of a second rr»terial, and 

wherein a percent^e of the numtier of said second mdiation-transmltting refractors to the number of mem- 
20 bers having their respective refracting powers among sakJ radiatiorv-transmitting refractors, is not mors than 32%. 

37. The projection optical system according to either one of Claims 32 to 36, wherein thelbllowing condition is satisfied: 

^ 0.15 <Ea/E< 0.7, 

where E is the total number of memfcters having their respective refracting powers anxsng the radiation trans- 
mitting retrBCtor in said prcyedion optical system and Ea is the total number of members each provided with a lens 
surface of aspheric shape. 

30 

38. The prpiection optical system according to either one of Claims 32 to 37, said prT>iectk)n optical system comprising, 
in the order from the first surface side: 

a first lens unit having a negative refracting power; 
35 a second \em unit having a positive refracting power; 

a third lens unit having a negative refracting power; 
a fourth lens unit having a posithre refracting powen 
an aperture stop; and 

a fifth lens unit having a positive refracting power. 

40 

39. The projection optical system according to Claim 36, wherein the following condition Is satisfied: 

0.065 <12A.< 0.125, 

where f2 is a focal length of said fifth lens unit and L is the distance from said first surface to said second 
surface. 

40. The projection optical system according to Claim 38 or 39, 
so wherein the following conditions are satisfied: 

-1-3< 1/pi <0,and 
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0.08 <L1/L< 0.17. 

where pi is a composite, lateral magnification of said first lens unit and said second lens unit, L1 is a distance 
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from said first surface to a lens surface closest to said second surfiaoe in said second lens unit, and L is the distance 
from said first surfsoe to said second surface. 

41 . The prcjection optical system according to either one of Claims 32 to 37, wherein when a ray parallel to ttie optical 
s axis of said proje^on optical system s made Incident from said second surface side into said projection optical 

system, an angle tietween ^d optical axis and said ray as emitted toward said first surface, is not more than 50 
minutes. 

42. A method of fabricating a projection optical system for forming a reduced image of a pattern on a first surface, 
fo onto a second suriaoe, comprising the steps of: 

a step of preparing at least one radiation-transmitting meml>er; 

a step of locating at least one said radlation^ransmitting memtserin and along an optical path of said projection 
optical system; 

IS wherein said radiation-transmitting memt>er is prepared so as to satisfy the following condition: 

0-46 < C/L < 0.64, 

20 where C is a total thiclcness along the optical axis of the radiatipn transmitting refrador located in the optical 

path of said projection optical system and L is a distance from said first surface to said second surface. 

43. A projection optical system for forming a reduced image of a pattern on a first surface, onto a second surface, 

^ comprising: at least three lens surfaces of asplieffc shape, 

wherein the following condition is satisfied: 

0.15 < Ea/E < 0.7, 

30 

where E isthe total number of members having their respective refracting powers among radiation-transmitting 
refractors in said projection optical system and Ea Is the total number of memberB each provided with a lens 
surfiace of asptieric shape. 

3S 44. The projection optical system according to Claim 43, wherein the total number of said members having their re- 
spective refracting powers is not less than 16. 

45. The projection optical system according to Claim 43 or 44, wherein the total numt)er of said memk>er3 having their 
respective refracting powers not more than 26. 

40 

46. The projection optical system according to Claim 43, 44, or 45, wherem the radlafion^ransmitting refractors in said 
projection optical syst^ are made of a sirigle tdnd of material. 

47. The projection OF^Icai system according to Claim 43, 44, or 45, wherein the radiation-transmitting refractors in said 
46 prpjection optical system comprise first radiation-transmitting refractors made of a first rraterial and second radi- 
ation-transmitting refractors made of a second material, and 

wherein a percentage of the numt>er of said second radiation-transmitting refractors to the number of the 
members having their respective refracting powers among said radiation-transmitting refractors, is not more than 
32%. 

50 

48. The projection optical system according to Claim 43, 44, or 45, wherein the radiatlon^transrratting refractors in said 
projection optical system comprise first radiation-transmitting rettactors made of a first material and second radi- 
ation-transmitting refractors made of a second material, and 

wherein a percentage of the numt>er of said second radiation-transmitting refractors to the number of the 
55 members having their respective refracting powers anx)ng said radiatiorv^ransniitting refractors, is not more than 

16%. 

49. The projection optical system according to Claim 43, 44, or 45, wherein the radiation-transmittir^ refractors in said 


62 


EP1 1391%A1 


prpjection optical syslsm oomprise first rodiation-transmitting rsfrBdors made of a first material and second radi- 
attorvtransmitting rafradors made of a second material, and 

wtierein a percentage of the number of said second radiatiorvtransmitting refradors to the number of the 
members having their respective reftacting powers among said radiation-transmitting refractors, 'i& not more than 
11%. 

50. The prpiecUon optical system according to either one of Claims 43 to 49, wtierein thefollowing condition is ralisfied: 

0.48 <CfL< 0.64, 

wtiere C is a total ttiicicness along the optical axis of the radiation-trariOTtitf ing refractors located in the optical 
path of said projection optical system and L is a distance from said first surlaoe to said second surface. 

51 . The projection optical system according to either one of Claims 43 to 50, said projection optical system comprising 
an aperture stop, and a lens unit located between the aperture stop and said second surface, 

wtiermn the following condition Is satisfied: 

0.065 <f2/L< 0.125, 

. where f2 is a focal length of the lens unit and L is a distance liom said first surface to said second surface. 

52. The projection optica! system according to either one off Claims 43 to 51 , said projection optical system comprising: 

a first lens unit having a negative refracting power; 

a second lens unit having a positive refracting power, located between the first lens unit and said second 
surface; 

a third lens unit having a negative refracting power, located t>etween the second lens unit and said second 
surface; 

a fourth lens unit having a positive refracting power, located between the third lens unit and said second surface; 

an aperture stop located between the fourth lens unit and said second surface; and 

a fifth lens unit having a posithre reftacting power, located t>etween ttie aperture st(^ and said second surface. 

53. The projection optical system according to Claim 52, 

wherein the following conditions are satisfied: 

-1.3<1/p1 <0, and 


0.08 <L1/L< 0.17, 

where pi is a composite, lateral magnification of said first lens unit and said ^cond tens unit, L1 is a distance 
from said first surface to a lens surface closest to said second surface in said second lens unit, and L is a distance 
from said first surface to said second surface. 

54. The projection optical system according to either one of Claims 43 to 50, wherein when a ray parallel to the optical 
axis of said prcjecUon optical system is made irfddent from said second surface side Into said projection optical 
system, an angle tietween said optical axis and said ray as emitted toward said first surface, is not more than 50 
mfriutes. 

55. The projection optical system according to either one of Claims 43 to 54, wherein at least one of members without 
said lens suriaoe of spheric shape among said radiation-transmitting refractors in said projection o^^ical system 
is arranged to be variable in at least one of position and posture. 

59. A method of fabricating a projection optical system for forming a reduced irrage of a pattem on a first surface, 
onto a second surface, comprising the steps of: 
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a step of preparing light-transmitting members so that at least three surfaces of lens surfaces of the radialion- 
Iransmlffirig refractors having aspheric shape and so that the following condition Is satisfied: 


g 0.15 <Ea/E< 0.7, 

where E is the total number of memtiers having their r^pectfve refracting powers among said radiation-tFans- 
mitting n^ractors and Ea Is the total numt>er of members each provided with a lens surface of asph^c shape; 
and 

to a step of assembling the radiation transn^ng members. 

57. A prpfection exposure apparatus for projecting a reduced image of a pattern provided on a projection master, onto 
a wor1q»eoe to effect exposure thereof, comprising: 

a light source for supplying exposure light; 

an Illumination optical system for guiding the exposure light from the light source to said pattem on said pro- 
jection master; and 

the projection optical system as set forth in either one of Claims 1 to 56; 

wherein said projection master can be placed on said first surface of said prpiection optical system, and said 
20 workplace can be placed on said second surface. 

SB. A projection seposure apparatus for prelecting a reduced image of a pattem provided on a proJe<^on master, onto 
a worlcpieoe to efliect exposure thereof while scanning, comprising: 

2$ a light source for supplying exposure light; 

an Illumination optical system for guiding the exposure light from the light source to said pattern on said pro- 
jection master; 

the projection optical system as set forth In either one of Claims 1 to 56; 

a first stage for enabling said projedion master to be placed on said first ajrface of said projection optical 
system; and 

a second stage for enabling said workpiece to be placed on said second surface; 

wherein said first and second stages are movable at a ratio of speeds according to a projection magnification 
of said prcjection optical system. 

36 59. Tlie projection ^q)osure apparatus according to Claim 57 or 58, wherein said light source supplies the exposure 
light in a wavelength region of not more than 180 nm and wherein said projection optical system guides 25% or 
more by quantity of the exposure light from said protection master, to said worlcpiece. 

60. A projection easposure a^^ratus for projecting a reduced image of a pattem provided on a projection master, onto 
40 a workpiece to ^ct^cposure thereof, comprfsmg: 

a light source for supplying exposure light in a wavelength region of not mora lhan 180 nm; 
an illuminafion optical system for guiding the exposure light from the light source to said pattern on said pro- 
jection master; and 

46 a projection optical system located In an optical path between said projection master and said worlcpiece, said 

projection optical system guiding 25% or more by quantity of said exposure light having passed through said 
projection master, to said worlcpiece to form the reduced Image of said pattern on said woricpieoe. 

61 . Tlie projection racposure apparatus according to Claim 60, flirthercomprising aflrst stage for holding said projection 
5C master and a second stage for holding said workpiece, 

wherein said first and second stages are movable at a ratio of speeds according to a projection magnification 
(^sald projection opOcai system. 

62. A projection exposure apparatus for projecting a reduced image of a pattern provided on a projection master, onto 
ss . a woricpieoe to effect expc^ure thereof, ocvnprising: 

a light source for supplying exposure light in a wavelength region of not more than 200 nm; 

an illumination optical system for guiding the exposure light from the light source to said pattem on said pro- 
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Jdction master; and 

a projaction optical system located In en optical path between said projection master and s^d worlqalece, said 
projection optical system guiding said exposure light having passed through said projeciion master, to said 
workpiece to fbmri the reduced image of said pattem on said workpiece; 
wherein the following condition Is satisfied: 

where En 1 1s a quantity of said exposure light traveling from said light source to said illumination optical system, 
En2 a quantity of said exposure light traveling from said IDumination optical system to said projecfion master, 
En3 a quantity ctf said exposure light entering said projection optical system, and En4 a qixintity of said ex- 
posure light emerging from said projection optical system toward said workpiece. 

63. A projection exposure method of projecting a pattem formed on a projection master, onto a workpiece lo effect 
exposure thereof, 

which uses the projection exposure apparatus as set forth in Claim 57, 58, or 59, 

wherein said projection master is placed on said first surface and said workpiece is placed on said second 
surfece, and 

wherein an image of said pattem is formed on said wbrkpece through s^d prcjection opticai system. 

64. A projection exposure method of projecting a r^uced image of a pattem provided on a projection master, onto a 
worlcpieoe to effect exposure thereof, comprising the steps of: 

a step of supplying racposure light In a wavelength region of not more than 200 nm; 

a step of guiding the ^cposure light from the light source through an llluminaflon optical system to said pattern 
on said projection master; and 

a step of guiding said exposure light from said projection master through said projection optteal system to said 
workpiece to form the reduced Image of said pattem on said workpiece; 
wherein the fDlk>wlng condition is satisfied: 

where En1 is a qi^nfity of said exposure light entering said illumination opticai system, En2 is a quantity of 
said exposure light traveGng from saki illununation optical system to said projection master, En3 Is a quantity 
of said exposure Bght entering said projection optical system, and En4 is a quantity of said exposure light 
emerging Irom said projection optical system toward said workpiece. 

65. The projection exposure method according to Claim 64, wherein the step of guiding said exposure light to sakJ 
pattem comprises an auxiliary step of passing said exposure fi^t through a space filled with a gas atmosphere 
having the property of little at>soit)ing the tight In said wavelength region, and 

wherein the step of forming the reduced image of said pattem on said worlcpieoe comprises an auxiliary step 
of passing said exposure light through a space filled with a gas atmosphere having the properly of lltde dtisorbing 
the light in said wavelength region. 

66. A method of fatvicating a microdevice having a predetemtlned circuit pattem, comprising: 

a step of prpjecting an image of said pattem onto said workpiecete effect exposure thereof, using the projection 

exposure method as set forth in Claim 63, 64, or 65; and 

a step of developing said workptece after the projeciion exposure. 

67. A projection exposure apparatus for projecting a pattem on a projection master onto a workpiece to effect exposure 
thereof, comprising: 

an illumination optical system for supplying exposure light of a wavelength of not more than 200 nm to sakI 
projection master; and 

a projection optical system for forming an image of the pattern on said projection master, at a predetermined 
projection magnification p on said workpiece; 

wherein said projectton optical system comprises an aperture stop, a front lens unit located i^etween the ap- 
erture stop and said projection master, and a rear lens unit tocated between said ^>erture stop and said 
workpiece, 

wherein, wfiene y (kg) represente a translated amount of fluorite of a disk member from an amount of fluorite 
among iight-transrrutting optical materisJs in said projection optical system, f2 (mm) Is a focal length of said 
rear lens unit, and NAw is a maximum numerical aperture on the image side of said projection optical system, 
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and where x is defined as Ibllows: 

x = l2-4|p|'NAw^: 

the following conditions are satisfied: 

yg4x-2Q0, 
(4x^13) + (100W13), 
y^4x-440, 

and 

y ^ 0. 

68. The prcjection exposure apparatus according to Claim 67, wherein, concerning said maximum numerical aperture 
NAw and the amount of fluorite y, the following conditions are satisfied: 

NAw > 0.72 

and 

y<75. 

69. The projection exposure apparatus according to Claim 67, wherein the focal length 12 of the rear lens unit and the 
maximum numerical aperture NAw of said projection optical system satisfy the following condition: 

110<12/NAw<200. 


70. The projection exposure apjsaratus according to Claim 67, wherein said illumination optical system supplies light 
40 having a full width at half maximum of not more than 0.5 pm. 

71. The projection exposure apparatus according to Claim 67, wherein where A represents the number of aspherlc 
surfaces in said projection optical system, said projection optical system satisfies the following conditions: 


0 ^y <40 

and 

2SA. 

72. The projection exposure apparatus according to Claim 70, wherein where A represents the nunnber of aspheric 
surfaces In said projection optical system, said projection optical system satisfies the following conditions: 

0 ^ y < 40 
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and 

73. The projection exposure apparatus eccx)rding to Claim 67, wherein where A represents the number of aspheric 
surfaces In said prcjection optical system, said prpiection optical system satisfies the following oondiHons: 

40 S y < 70 

and 

1 ^ A ^ 5. 

74. The projection exposure apparatus according to Clafrn 70, wherein where A represents the numt^er of aspheric 
surfaces in said projection optical system, said prcjection optical system satisfies the following condiUons: 

40 ^ y < 70 

and 

1 ^ A ^ 5. 


75. The projection exposure apparatus according to either one of Claims 67 to 74, wherein said illumination optical 
system supplies l^hl of a wavelength of not more than 200 nm nor less than 170 nm. 

76. The projection exposure apparatus according to eittier one of Claims 67 to 74, wherein said projection optical 
system has an Image field having a diameter of not less than 20 mm. 


77. The projection exposure apparatus according to either one of Claims 67, and 69 to 74, wherein the image-side 
35 maximum numerical aperture of said projection optical system satisfies the fbliowlng condition: 

NAw ^ 0.65. 

40 78. Tlie projection exposure apparatus according to eittier one of Clairo 67 to 74, wherein said projection optical 
system comprises an aspheric surface or a plurality of aspheric surfaces and wherein said as0fieric surfece or 
aspheric surfaces are formed in a lens surfiaoe or lens surfeces of a lens or lenses made of a material different 
from said fluonte. 

46 79. The prcjection exposure apparatus aocoiding to Claim 78, wherein said aspheric surface or aspheric surfaces are 
formed bi a lens suriace or lens surfaces of a lens or lenses made of silica glass. 

60. The projection exposure apparatus according to either one of Claims 67 to 74, wherein said front lens unit, said 
aperturs stop, and said rear lens unit are located along an optical axis extending lineariy. 

so 

81. The projection exposure apparatus according to either one of Claims 67 to 74, wherein said projection optical 
system comprises an aspheric surtace Ibr ensuring an image field having a diameter of not less than 20 mm. 

82. The projection exposure apparatus according to either one of Claims 67 to 74, further satisfying the following 
55 condition: 


y ^(9x/2)-270. 
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83. The projection exposure apparatus according to either one of Clalnis 67, and 69 to 74. further satisfying the fol- 
lowing condition: 

y ^ 90. 

84. The projection exposure apparatus according to either one of Ciaims 67 to 74, further satisfying the fbllowmg 
condition: 

y ^ (9x/2) - (855/2). 

85. A projection exposure method of projecting a pattern on a projection master onto a woricpieoe to effect exposure 
thereof, comprising: 


an iliumination step of Si4>ptying exposure light of a wavelength of not more than 200 nm to said projection 
master; and 

an image fbmilng step of forming an Image of the pattem on said projection master, at a predetemilned pro- 
jection magnification p on said worlcpiece, using a projection optical system comprising a front lens unit, an 

20 aperture stop, and a rear lens unit; 

wherein said image fomnir^ step comprises a first auxliiaiy step erf guiding the light from said projection master 
to said front lens unit, a second auxiliary step of guiding the light passing through said front lens unit to said 
aperture stop, a third auxiliary step of guiding the tight passing through the aperture stop, to said rear lens 
unit, and a fourth auxiliary step of forming the Image of said pattern on said workpiece, using the light passing 

26 through the rear lens ural, 

wherein, where y (kg) represents a translated amount or fluorite of a disk member from an amount of fluortte 
among light-4ransmitting optical materials in said projection optical system, f2 (mm) a focal length of said 
rear iens unit, and NAw is a maximum numerical aperture on the image side of said projection optical system, 
and where x Is defined as follows: 

30 

x = 12 ■ 4|p| - IMAw^: 

the foilowfng conditions are sattefied: 

y ^4x-200, 
y^(4x/13) + (1000/13), 
y ^ 4x - 440, 

45 and 

y ^ 0. 

so 86. The projection exposure method according to Claim 85, wherein, oonceming said maximum numerical aperture 
ISlAw and the amount of fluorite y, the following conditions are satisfied: 

lslAw>0.72 

55 

and 


36 


40 
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y<75. 

67. The projection exposure method according to Claim 85, wtierein the focal length f2 of Itie rear lens unit and the 
5 maximum numerical aperture NAw of said projection optical system satisfy the following condition: 

1lO<f2fl>JAw<200. 

10 68. The projection exposure method according to Claim 85, wherein In sad iilurnination step, G^t taving a lull width 
at lialf maximum of not more than 0.5 pm Is supplied. 

69. The projection exposure method according to Claim 85, wherein where A represents the number of aspheric sur- 
faces in said projection optical system, said projection optical system satisfies the following conditions: 

IS 

0 ^ y < 40 

and 

2< A. 

90. The projection exposure method according to Claim 86, wherein where A represents the number of aspheric sur- 
25 faces in said projection optical system, said projection optical system satisfies the following conditions: 

0 ^ y < 40 

30 and 

2^ A. 

36 91 . The projection exposure method according to Claim 85, wherein wtiere A represents the number erf a^heric sur- 
faces in said projection optical system, said projection optical system satisfies the following conditions: 

40 Sy<70 

40 

and 

1 ^ A ^ 5. 

46 

92. The projection exposure method according to Claim 88, wherein wtiere A represents the number of aspheric sur- 
faces in said projection optical system, said projection optical system satisfies the following conditions: 

^ 40^y<70 
and . . 


55 1SA^5, 

93. The prcjectlon exposure method according to either one of Claims 85 to 92, wherein in said iiluminafion step, light 
of a wavelength of not more than 200 nm nor less than 170 nm is supplied. 
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M. The projection exposure method acoording to either one of Claims 85 to 92. wherein a region of said image formed 
in said vnage forming step inscribed in a dncle having a diameter of not iess than 20 mm. 

95. The projection exposure method according to either one of Claims 65, and 87 to 92, wherein the image-side 
s maximum numerical aperture NAw of said projection optical system satisfi^ the following condition: 

NAw g 0.65. 

to 98. The projection exposure method according to either one of Claims 85 to 92, wherein said image fomiing step 
comprises an auxiiiaiy step of guiding said iight to an aspheric surface provided in a lens made of a material 
different from said fluorite. 

97. The projection exposure method according to either one of Claims 85 to 92. wherein said front lens unit, said 
IS aperture stop, and said near lens unit are located along an optical axis extending iinearfy. 

98. The projection exposure method moording to either one of Claims 85 to 92, wherein said projection optical system 
comprises an asptieric surface for ensuring an image field having a diameter of not less than 20 mm. 

20 99. A method of fabricating a microdevice having a predetermined circuit pattern, comprising the steps of: 

a step of projecting an image of said pattern onto said woricpiece to eflect exposure therraf, using the projection 
exposure method as set forth in either one of Claims 85 to 92; and 
a step of developing said woricpieoe after the projection exposure. 

100A method of fabricating a projecflon racposure apparatus for projecting a pattern on a projection master onto a 
woricpiece to effect exposure thereof, comprimng the steps of: 

a step of preparing an Illumination optical system for supplying exposure light of a wavelength of not more 
30 than 200 nm to said projection master; and 

a step of pr^>aring a prcjection optical system for fbmriing an Image of the pattern on said projection master, 
at a predetermined prtpjection magnification p on eead woricpiece; 

wherein the step of preparing said prcjection optical system comprises an auxiliary step of preparing a front 
lens unit, an aperture stop, and a rear lens unit, an auxiliary step of locating said front lens unit t>etween 
36 positions where said aperture stop and said projection master are located respectively, and an auxiliary step 

of lcx:ating said rear lens unit t>etween positions where said aperture stop and said woricpiece are icxiated 
respectively, 

wherein, wtiere y (kg) represents a transtaled amount of fluorite of a disic member from an amount cat fluorite 
among light-transmitting optical materials in said projection optical system, f2 (mm) is a focal length of said 
40 near lens unit, and NAw is a maximum numeri<:al aperture on the image side of said projection optica] systemp 

and where x is defined as follows: 

x = f2 -4|pl - IMAw^: 

46 

the following conditions are satisfied: 

y^4x-200, 
y ^ (4x/13) + (1000/13), 


y ^ 4X-440, 

and 
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y ^0. 

1 01 -A scanning projection exposure apparatus for projecting a pattern on a projection master onto a wortcpiece to effect 
exposure thereof while scanning, comprisirig: 

an illumination optica] system for supplying exposure light of a wavelength of not more than 200 nm to said 
projection master, and 

a projection optical system for fomning an image of the pattern on said projection mast^, at a predetermined 
projection magnification p on said workpiece; 

wherein said prGjedion optical system comprises an aperture stop, a front lens unit k>cated between the ap- 
erhjre stop and said projection master, and a rear lens unit located between said aperture stop and said 
workpiecep 

wherein, where y (leg) represents a translated amount of fluorite of a disk member from an amount of fluorite 
among light-transmitting optk»l materfais in said profection optical system, f2 (mm) is a focal length of said 
rear lens unit, and NAw is a maximum numerical aperture on the image side of said projection optical system, 
and where x Is defined as follows: 

X = fiZ • 4|P| ■ NAw^; 

the fbilowing conditions are satisfied: 

y g4x-200, 


y ^ (4X/13) + (1000f13), 


y ^ 4X-440, 

and 

y ^ Q. 

102J^ dioptric projection optical system for forming an image of a pattern on a first surface, on a second surlace, using 
light of a wavelength of not more than 200 nm, comprising: 

an aperture stop; 

a front lens unit located b^ween the aperture stop and said first surface; and 
a rear lens unit located tietween said aperture stop and said second surface; 

wherein, where y (kg) represents a translated amount of fluorite of a disk member from an amount of fluorite 
among light-transmitting optical materials in said projection optical system, f2 (mm) is a focal length of said 
rear lens unit, p is a prcJecHon magnification of said projection optteal system, and NAw is a maximum numerical 
aperture on the image side of said prelection optical system, and whena x is defined as follows: 

X = f2 ■ 4|p| • NAw^; 

tlie following conditions are satisfied: 

y^4x-200. 


y ^ (4X/13) + (1000/13). 
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y^4x-440, 

and 

y ^ 0. 

103JV method of fabricating a dioptric projection optical system for forming an image of a pattem of a firsi surface on 
a second surface, using i'^tit of a wavelength of not more than 200 nm, comprising: 

a step of preparing a Iront lens unit, an aperture stop, and a rear iens unit; 

a step of locating said front lens unit between said aperture stop and said first surface; and 

a step of locating said rear lens unit between said aperture stop and said second surface; 

wherein, wtiere y (kg) represents a translated amount of fluorite of a disk nrtember from an amount of fluorite 

among light-transmitting optical materials In said projection optical system, f2 (mm) Is a focal length of said 

rear lens unit, p isa projection magnification of said projection optical system, and NAw is a maximum numerical 

aperture on the image side of said projection optical system, and where x is defined as follows: 

X = f2 ■ 4|p| • NAw^; 

the foDowing conditions are satisfied: 

yg4x-200, 
y S (4X/13) + (1000/13), 
y ^ 4X-440, 

and 

y ^0. 

104iA projection exposure apparatus for projecting a pattern on a projection master onto a woricpiece to effect exposure 
thereof, comprising: 

an illumination optical system for supplying exposure light of a wavelength of not more tfian 200 nm to said 
projection master; and 

a pnojedion optical system for fomrting an image of tlie pattern on said projection master, at a predetermined 
projection magnification p on said workpiece; 

wherein said projection optical system comprises an aperture stop, a front lens unit located between the ap- 
erture stop and said projection master, and a rear lens urrit kx^ated between sakJ aperture stop and sakl 
workpiece, 

wherein, where y (kg) represents a translatad amount of fluorite of a disk member from en amount of fluorite 
among light-transmitting optical materials in said projection optical system, f2 (mm) is a focal length of said 
rear lens unit, and NAw is maximum numerical aperture on the image side of said projection optical system, 
and where x is defined as follows: 

x = C2-4|p|-IMAw^ 

the foOowing oonditk^ns are satisfied: 
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y g (9x^2) - 270, 

y ^ (M2) - (B5S/2), 

10 and 

ySO. 

105. TTie projection exposure apparatus according to Claim 104, wherein, concerning said maximum numericai aperture 
NAw and the amount of fluorite y, the following conditions are satisfied: 

NAw > 0.72 

and 

y<75. 

25 

106. The projection ^cposure apparatus according to Ciaim 104, wherein the focal length 12 of the rear iens unit and 
the maximum numerical aperture NAw of said projection optical system satisfy the following condition: 

110<12MAw<200. 

30 

107 JV projection exposure apparatus for prcyecting a pattern on a projection master onto a worfcpiece to effect exposure 
ttiereof, comprising: 

35 an iilumination optical system for supplying exposure light of a wavelength of not more than 200 nm to said 

projection master; and 

a projection optical system for forming an image of the pattern on said prpjection master, at a predetermined 
projection magnification p on said workpiece; 

wherein said prcfedion optical system comprises an aperture stop, a front lens unit located between the ap- 
40 erture stop and said projection rraster, and a rear lens unit located between said aperture stop and said 

workplace, 

wherein, where y (kg) represents a translated amount of a first material of a disk member from an amount of 
the first material among light-transmitting optical materials In said projection optical system, 12 (mm) is a focal 
length of said rear lens unit, and NAw is a maximum numerical aperture on the image side of said projection 
4a optical system, and wtiere x is defined as follows: 

x = 12 ^IPI - NAw^; 

so the foRowing conditions are satisfied: 

yg4x-200. 

^ y S (4X/13) + (1000/13), 
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yg4x-440, 

and 

5 

y ^0. 

108.The projection exposure apparatus aocording to Claim 107, wherein, concerning said maximum numerical aperture 
10 NAw and the amount of fluorite y, the following conditions are satisfied: 

NAw > 0.72 

IS and 

y<75. 

20 109.The projection exposure apparatus aocording to Claim 107, wherein the focal length 12 of the rear lens unit and 
the maximum numerical aperture NAw of said projection optical system satisfy the following condition: 

110<12/NAw<200. 

110. The projection exposure apparatus according to Claim 107, wherein the following condition is satisfied: 

y = 0. 

30 

111. The projection exposure apparatus according to Claim 110, wherein said illumination optical system suppfles light 
of a wavelength of not more than 200 nm nor less than 170 nm, end wherein said first material among said light- 
transmitting materials in said projection optical system is silica. 

35 1 iZTTie projection exposure apparatus according to Claim 110, wherein said Itlumination optical system supplies light 
of a wavelength of not more than 170 nm, and wherein said first material among said light-transmitting materials 
in said projection optical system is fluorite. 

113. Tlie projection exposure apparatus according to Claim 107, wherein said llght-^ransnvtling materials In said pro- 
40 Jection optical system further comprise a second material different from said first material. 

114. Tha projection exposure apparatus according to Claim 113, wherein said second material is silica glass. 
11S.1Tie projection exposure apparatus according to Claim 114, wherein said first material Is fluorite. 

46 

1 16. The projection exposure apparatus according to either one of Claims 107 to 1 15, wherein said illumination opticd 
system supplies light having a fiiii width at half maximum of not more than 0.5 pm. 

117. The projection exposure apparatus according to either one of Claims 107 to 115, wher^n said projection optical 
so system has an image field having a diameter of not less than 20 mm. 

116.The projection exposure apparatus according to either one of Claims 107 to 115, wherein said projection optical 
system comprises an aspheric surface for ensuring an image field having a diameter of not less than 20 mm. 

55 1 19.The projection exposure apparatus according to either one of Claims 107 to 1 1 5, wherein said front lens unit, said 
aperture stop, and said rear lens unit are located along an optical axis extending Gneariy. 

projection exposure method of projecting a pattern on a projection master onto a woricpiece to effect exposure 
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thereof, comprising: 

an illumination step of supplying exposure light of a wavelength of not more than 200 nm to said projection 
master; and 

an Image forming step of forming an image of the pattem on said projection master, at a predetemilned pro- 
jection magnification p on said worlcpiece, using a projection optical system comprising a front lens unit, an 
aperture stop, and a rear lens unit; 

wherein ^Id image fomiing st^ comprises a first auxiliary step of gusdir^ the light from said projection master 
to said front lens unit, a second auxiliary step of guiding the light passing through said front lens unit to said 
aperture stop, a third auxiliary step of guiding the light passing through the aperture stop, to said rear lens 
unit, and a fourth auxiliary step of forming the image of said pattem on said worlcpiece, using the light passing 
through the rear lens unit, 

wherein, where y (leg) represents a translated amount of a first material of a disic member from an amount of 
the first material among light-transmitting optical materials in said projection optical system, f2 (mm) is a focal 
length of said rear lens unit, and islAw is a maximum numerical aperture on the image side of said projection 
optical system, and where x Is defined as follows: 

x = ff2-4|p|-NAw^: 

tlie foDowtng conditions are satsfied: 

y g 4X-200, 


y ^ (4X/13) + (1000/13), 


y^4x-440, 

and 

yg 0. 

121.1110 projection exposure method according to Claim 120, wherein, concerning md maximum numerical aperture 
IStAw and the amount of fiuorite y, the foilowing conditions are satisfied: 

NAw > 0.72 

and 

Y<75. 

122.The projection racposure method according to Claim 120, wherein the focal length f2 of the rear lens unit and the 
maximum numerical aperture NAw of said prcajection optical system satisfy tfie following condition: 

110<12fl>aAw<200. 

123JV dioptric projection optical system for forming an image of a pattem of a first surface on a second surface, using 
light of a wavelength erf not more than 200 nm, comprising: 

an aperture stop; 

a front lens unit located between the aperture stop and said first surfoce; and 
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a roar lens un'rt located between said aperture stop and said second surface; 

wherein, wtiere y (kg) reprssenis a translated amount of a first material of a cfisk member from an amount of 
ihe first material among light-transmitting optical materials in ^id projection optical system, f2 (mm) is a focal 
length of said rear lens unit, p is a projection magnification of said projection optical system, and NAw is a 
s maximum numerical aperture on the image side of said projection optical system, and where x is defined as 

Ibllows: 

x = f2 -AIPI - NAW^; 

10 

the following conditions are satislied: 

y €4x-200, 

IS 

y€(^13)-i-(100CV13)p 

^ yS4x-440, 
and 

124 JV method of 1at>ricating a {fioptric projection optical system for forming an mnage of a pattern of a first surface on 
a second surface, using light of a wavelength of not more than 200 nm, comprising the steps of: 

30 a step of preparing a front lens unit, an aperture stop, and a rear lens unit; 

a step of locating said front lens unit t»etween said aperture stop and said first surface; and 

a step of locating said rear lens unit between said aperture slop and said second surface; 

wherein, where y {kg) ri^>resents a translated amount of a first material of a disk member from an amount of 

the first material among light-transmitting optical materials In ^id projection optica] system, f2 (mm) is a focal 

35 length of said rear lens unit, p is a projection magnification of said projection optical system, and NAw is a 

maximum numerical aperture on the image side of said prcjection optical system, and where x is defined as 
follows: 


40 


so 


x = 12-4|P|-NAw^; 

the following ooncfitions are satisfied: 

y S 4X-200, 
y S (4x/13) + (1000/13), 
y g 4X-440, 

and 

y^O. 
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Fig.4 
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Fig. 6 
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Fig. 8 
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Fig.9 



f2-4|jS|-NA»^taiii) (=x) 


85 


• 


EP1 139 138 A1 


Fig.10 
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Fig.12 
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Fig.15 


(A) 


0.0005 

Y =13.75 

r» ■ 1 11*"^ -zr\»m ■ 


— 



-O.0OO5 



(B) 


0.0005 



Y =6.875 







• -0.0005 1 



(C) 


Y=0 


0.0005 


(D) 
0.0005 


1-0.0005 

(E) 
0.0005 


M.ooos 

(F) 
0.0005 


-0.0005 


-0.0005 


91 


EP1 139138A1 


Fig. 16 
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Fig.18 
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Fig. 20 


(A) 


0.0005 


Y=13.3 


-0.0005 



Y=6,65 


O.O005 


Y=0 


-0,0005 


0.0005 


(D) 
0.0005 


-0.0005 



-0.0005 


96 


EP1 139138A1 


INTERNATIONAL SEARCH REPORT 


IntenxBtxonBl applicaticut N(k 

PCT/JPOO/06706 


A. CLASSfflCATTON OF SUBJECT MATTER 

Int.CX"' G02B13/24, G02B13/18, H01L21/027, G03F7/20 


Accorfbg to rntemational Pateat Classiflcation (IPC) or to both national clasaificidoii and IPC 


B. FIELDS SEARCHED 


Mimmtnn documsntatioD soarcbed (classification system fbCowcd by dassiiScaiioa symbols) 
Int.Cl^ G02B13/24, G02B13/1B, H01L21/027, G03P7/20 


DocmniCiilBSton scaxciied oflier than minimum documentation to the extcm th&i such documents are included fai the Sdds seancbcd 
aitisuyo Shinan Kbbo X926-1996 TosroJcu Jitsuyo Shlnan Kobo 1994*2000 

Kb)cal Jltsruyo Shlnan xtiho 1971-2000 Jitsuyo Sbluan Torolcu Koiho 199^-2000 


I base connoted during the i 


Dayonii& seareh (naoie of data base and, 'wfaere practicable^ seaidi terms used) 


C DOCUMENTS CONSIDERED TO BE REUS VAOT 


Categocy*' 


CStitioB of document^ with indicatioa, wheie appxapnate, of tbe nalevant passages 


RatevBiit to claim Nok, 


JP, 11-133301, A (Nikon Corporation), 

21 Kay, 1999 (21.05.99), 

Pull text; all drawings (Family: none J 

US/ 5806814, A (Nikon Coxporation) , 
15 SeptetBber, 1998 (15.09. 98), 
Full text; all drawlnga 
& JP, 10-11S779, A 
Pull text; all drat/ings 

JP, 9-329742, A (Hlkon Corporation), 

22 Deceniber, 1997 (22.12.97) ^ 

Pull text; all drawinga (Family: none) 


\ 1 F^iither documents aie listed in ttiecontiiniatiQn of B<n jT} See patent Caznily atmesL 


* Spoeul c g te g o ri g of dted doe(iniexit&: 

'A* docanMntdefiaiaglhesBxicRafitate oftheanwbichisaot 

ooittidered to be paiticblBr relevaiice 
*E* cslia-fkKianeDtteJtpiibfishsdonorBAerthcmtcniationi]^ 

date 

*jL" doctimem whidiin^thiev doubts on piiodfyclsun(s) or winch is 
tftnt 1? ffffahWgfc ^piiMtfla^ftw rfftte of mother cifaitiQA nrfltbftf 

specbl fOBon (ai tpedSeS^ 
"CT docrnncQt TC&xTing 1o an oral (fisclosurc, use, exhibition or aliicr 


^ dociJiDcmpubthibedprfiDriothehitenitiodQal flHsigto 

iban Qic piiiHity date cfaiiUBd. 


T* UtcrdoouziicmpabHsfaedRRvtheintenuticml filing date or 
priocily dat« btmI zioi in conSkt wilh Ihe appliiadon boi 
UAdcfftaid file prfacq>Ie or ifaeoiy uaderfylng the fnvattioa 

^X* docvmcnt of partictilar rdcvance; tfae dahned iitvcutkin cammt be 
DCDsidcrcd nordi on csnnot be oonaidaicd id imvolva m bxventivo 
step when the doeumeot is ttkea aione 

*y" docuTBcnl of particulai' gr i e v a n ce; the chriined invention omnotbc 
coosidcredtD Binrolvesniiiveiiliveit^ when die doooinentK 
ooRibiaed with one or moie other inch docoments, such 
ooDibtoatioa being obyioiifl to a person skilled in tbe art 

"8^ doeuiiieiii nenbcr erf tbe sme paiBit fiDidly 


Date of tbe actual GOiRpleti<m of tbe international search 
18 December, 2000 (18.12.00) 


Date of mailing of the intemationai search report 

26 December, 2000 (26.12.00) 


Name and maiting addzess of tho ISA/ 

Japanese Patent Office 

FecslmfleNo. 


Authorized ofiGcer 
Tdephooe No. 


Fonn PCT/ISArZIO (second sheet) (JtUy 1992) 


97 


0 

0 

EP1 1S91MA1 


INTERNATIONAL SEARCH REPORT 

IntematiQiml epplicatios No. 


PCT/JPOO/06706 

Box I Obtftrvatioiu wber« certftixi cislzns were fouad onseftFchAble (CoatlBiL&tiod of Item 1 of firit sheet) 

This ImonatioiialseBi^bicpoit has DM been Mtftblisbedb 17GE)(b) ^ the foUowinig lessooK 

I. ri QaimsNos.: 


because they rdale to subgect matter not ncqtu'ied to be searched by ibis Authority, namety : 

2. O aahasNos,: 


because ihey idate ta pazt& of &e InteinaSionBl applicatioa that do sot ooinply wMi the urescribed requuienieats to such aa 

extent that no mcnniftgfiil intermitional search can be earned out, spccificaHy: 


3. D Claims Nos,: 


because t2wy a» dependent cEaims and are aotdnAedin socordanee with ttte a 

soond and third sentences of Rule 6A{a). 

Box n Obsemttonf wliere KDity of Inventkm ii lacktiig (ContfataaUm of Item 2 of flnt abeeQ 

This Inteinational Searohug Authority fbuod jnoltiple iaventioafl in itau mharntfional plication, ai fbUowa: 

See extra eheet;- 


i 

1. As aU requiied adriitHwial seatcfa fees were timely paid by the agpEcam; tfiia int 

cmatianai search repent covers all seacdobhs 

ctaims. 


2. ri AsaUflearchat^dannacottldbeseanrhpdwiifaoWcfKmjuaii^nga^ 

of BiQf adfitional fbe* 


3. ri As nily some of dberequized additional seaxcfa fees wem timely pai 

oo^ those dBimfl fin* which fees were paid, speelficaUy dainu Kos*: 


4. ^ No required additional search vfm tmiely paid by the appHcuiL Consequently, this intemadonal 

seaich r^oit is eestricted to tlie invention fint menlicmcd in the claims; it is ooveied by cfadms Nos*: 

Claim 3. 


Remark on Ftvtest Q The addttbnal aearcb fbes wcie socotnpanied by the applicant's protest 

n No protest accompanied die piQfBietttofadditional search fees. 


Fonn PCT/ISA/210 (ccmtbiuattoxi of first sheet (I» (Jiily 1992) 


98 


EP1 139 138 A1 


INTEKNATIONAL SEARCH REPORT 


lotemational applicBtton No. 

PCT/JPOO/06706 


Contiauation of Bcoc No. II of continuation of first sheet (1) 


1. The invention of claim 1 jrelates to a refractive projection exposure 
optical system for forming the image of a pattern on a first surface 
on a second surface by the action of a light- transmit tlwg refractive 
member, conqprising a front lens group disposed in an opticaJ. path between 
the first and second surfaces and having a positive refractive power, 
a rear lens group disposed in an optical path between the front lens 
group and the second surface and having a positive refractive power, 
and an aperture stop disposed near the back-side focal distance of the 
front lens groi^, wherein the first and second surfaces of the project ion 
optical system era telecentric, and the condition cancemlng the focal 
distance of the second lens group and the distance, between the first 
and second surfaces is decensined. 

Claims 2-14 axe dependent claims referring to claim 1. 
The invention of claim 15 relates to a method for producing a projection 
optical syst«a where the same specific natters as those of the invention 
of claim l are specified. 

Claims 57-59, 63, 66 are depezident claims referring t^o claim 1. 

2. The invention of claim 16 relates to a refractive projection optical 
system for forming the image of a pattern on a first surface on a second 

. surface by the. action of a light -transmitting irefractlve member, 
characterized in that the refractive projection optical system includes 
three or more lenses having refractive power, and at least one surface 
of the three lenses on the first surface side selected from among the 
lenses having refractive power is an aspherical surface having negative 
refractive power. 

3. The invention of claim 17 relates to a refractive projection optical 
system for forming the image of a pattern on a first surface on a second 
surface by the action of a light -transmitting member, ^iriiereln the 
refractive projectionist leal syatmhaa lenses having refractive power, 
at least one surface of the two lenses on the first surface side selected 
from among the lenses having refractive power is aspherical, and the 
condition concemijig the relationship between the local principal 
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curvature at and near the optical axis of the aepherical surface and 
the local priacipaX curva.ture in the meridioziaX direction o£ ^he 
peripheral part within the lens effective diameter of the aspherical 
surface 1b specified. 

4. Tkxtt invention of claim 18 relates to a refractive project iosi optical 
system for forming the Image of a pattern on a first surface on a second 
sxirface by the action of a light-tranamitting member, wherein zii^ 
refractive proj ectlon optical system has lenses having refractive power, 
at least one surface of the four lenses on t2ie first surface side selected 
from among the lenses having refractive power is aspherlcal* and the 
condition concerning the relationahip between the local principal 
curvature at and near the optical axis o£ the aspherical surface and 
the local principal curvature in the meridional direction of the 
peripheral part within the lens effective diameter of the aspheric&l 
surface is specified. 

The invention of claim 19 relates to a method for producing a refractive 
projection optical systeni where the same specific mat.ters aa those of 
the invention of claim is are specified. 

5. The invention of claim 20 relates to a refractive projection optical 
system for forrqing a demagnified image of a pattern on a first surface 
on a second surface « wherein the refractive projection optical system 
has, from the first surface Bide« a first lens group having negative 
refractive power, a second lens group having positive refractive power, 
a third lens group having negative refractive power, a fourth lens group 
having positive refractive power « an aperture stop, and a fifth lens 
group having positive refractive power, and the condition concerning 
the relationship among the synthetic lateral magnificat lone of the first 
and second lens groups, the distance from the first surface to the lens 
surface of the lens, nearest to the second surface, of the second lens 
group, 3Lnd the distance between the first and second surfaces is specified • 
Claims 21-30 are dependent claims referring to claim 20 « 

The Invention of claim 3x z^lates to a method for producing a projection 
optical system where the same specific matters aa those of the invention 
of claim 21 are specified. 
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$. The invention of claim 32 relates to a projection optical system for 
forming a demagnif ied image o£ a pattern on a f iret surface on a second 
surface, wherein the projection optical system Includes at least one 
light -transmitting retractive metnber disposed in an optical path of the 
pro j ection optical system, and the condition concemiog the relationship 
between the overall thickness along the optical axis of the 
light -transioitting^ineiDber disposed in the optical path of the project ioxi 
optical systeiaand the distance betMen the first and second surfaces 
is determined. 

Claims 33-41 are dependent claims referring to claim 32. 
The invention of claim 42 relates to a method for producing a projection 
optical system where the same specific matters as those of the invention 
of claim 32 are specified. 

7. The invention of claim 4 3 relates to a refractive projection optical 
system for forming a demagnified Image of a pattern on a first surface 
on a second surface, ^rtierein the refractive projection optical system 
includes three or-ioore aspherieal lens surfaces/ and the condition 
conceming the relationebip between the sura of the nuinbers of members 
having refractive power among the light -transmitting refractive membara 
of the projection optical syscem and the sum of the numbers of members 
having aspherieal lens surfaces is determined . 

Claims 44-55 apre dependent claims referring to claim 43 » 
The invention of claim SB relates to a method for producixig a projection 
optical system where the same specific matters as those of the invention 
of claim 43 are specified. 

8. The invention of claim 60 relates to a projection expdsure apparatus 
for projecting a demagnified image of a pattern provided on a projection 
original onto a work to expose it, characterized by comprising a light 
source for supplying exposure light in a wavelength band of 180 nm or 
less, an illumination optical system for directing the exposure light 
from the light source to the pattern on the projection original, and 
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a projectiozi optical system disposed ia the optical path between the 


the intensity of which is 25% or more of that of exposure light passing 
through the projection original and thereby to form a demagnif ied image 
of the pattern on the work. 

Claim 61 is a dependent claim referring to claim 60. 
9. The invention of claim 62 relates to a projection exposure apparatus 
for projecting a demagnif ied image of a pattern provided on a projection 
original onto a vrork to ^.expose it, wherein the apparatus comprises a 


li^t source for supplying exposure light in a wavelength band of 200 
nm or less, an illumination optical system for directing the escposure 
light from the light source to the pattern on the projection original » 
and a projection optical system disposed in the optical path between 
the projection original and the work and adapted to direct the exposure 
light passing through the projection original to tixe work and thereby 
CO form a demagnif ied image of the pattern on the work« the condition 
concerning the relationship among the intensity of expoauz-s light 
directed from the light source to the illimiination optical system to 
the projection original, the intensity of e3q>oaiire light directed from 
the illumination optical system* the intensity of exposure light entering 
the projection optical system, ' and the intensity of exposure ligpit 
directed from the projection optical system to the work is determined. 
Xhe invention of claim 64 relates to a projectiozi exposure method where 
^h * ^ sane specific matters as those of the invention of claim 62 are 
specified. 

Claim 65 is dependent claim referring to claim 64. 
10 . The invention of claim 67 relates to a projection exposure apparatus 
for projecting a pattern provided on a projection original onto a work 
to expose Itr wherein the apparatus comprises an illumination optical 
system for si^pplying exposure light in a wavelength band of 200 nm or 
leas to the projection original and a projection optical system adapted 
to form an image varied by a predetermined projection magnification p 
of the pattern on the projection original on the work^ the projection 
optical system comprises an aperture stop, a front lens gro\^ disposed 
between the aperture stop and the projection original, and a rear lens 


projection original and the work and adapted to direct the exposure light 
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group disposed between the aperture stop and the work, and the condition 
COTceming the relationship between the aniount of fluorlte of the 
light-transmitting optical material of the projection optic«a system 
in terms of disk, the focal distance of the rear lens group, and the 
maximum numerical aperture on the image side of the projection optical 
system la determined. 

Claims 6B-84 are dependent claims referring to claim 67. 

The inventions of claims -8S, 99, 100, 101, 102. 103,. 107, 120, 123. 124 

relate to a subject matter that comprises a projection optical system 

specified in claim 67 and is specified in various categories. 

Claim 86-98, 109-115, 120-122 are dependent claims referring to claim 


85. 


The invention of claim 104 relates to a projection exposure apparatus 
for projecting a pattern on a projection original onto a work to wpose 
It, wherein the fl^aratus comprlflss an illumination optical system for 
supplying exposure light in a wavelength band of 200 nm or less to the 
projection original and a projection optical system adapted to form an 
image varied by a predetermined pro j action magnification & of the pattern 
on the projection original, the projection qptical system comprises an 
- aperture atop, -a front lens group disposed between the^ aperture stop 
asid the projection original, end a rear lens group disposed between the 
aperture sCop ia>d the work, and the condl ti«i concerning the relationship 
among the amount of f luorite of the light ^transmitting optical material 
of the projection optical system in terms of disk, the focal distance 
of the rear lens system, and the maximum numarical aperture on the image 
side of the projecti«i optical system is determined, which is a 
modification of the condition specified in claim. 67. 
Claims lOS, 106 are dependent claims referring to claim 104. 

The groups of inventions of claims l-lO donot Include any commcm technical 
matters that are novel and not anticipated by the prior art. 
Therefore there are no common technical matters considered to be epegial 
technical features defined in PCT Rule 13-2, 

rti^ subject matter of group 1 of inventions is known as disclosed in, 
e.g., the cited prior art document JP, 11-133301, A (Nic<» corporation) , 
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JUne 21. I9d9 (21 « 05. 99) and relanes to a projeculon optilcaX system 
which is telecentrLc on both sides, that is, first and second aiurfaceB 
and which has a lens system where separate front and back lens groups 
are provided on both sides o£ an. aperture stpp, and the condition specified 
in claim X is satisfied. The specific techniceJ. matters specified in 
claim 1 are not novel ones , and therefore are not consid^ed to be special 
technical features defined in PCT Rule 13.2. 

The inventions of dependent claims directly referring to claim 1 are 
not BO linked as to form a single inventive conc^t and further divided 
into sUb-groiq>s (L), <a, 3), (4, 5, 7), (€) , (8*12}, (13 J , (14), (IS), 
and (57-59, 63, 66| . . 

The subject matter of group 6 o£ invent i^is is also known as disclosed 
in, e.g. . thecitedprior art document JP^ 11-133301, A (Nicon corporation) , 
May 21, 1999 (21. 05. 99) and relates to a projection optical system 
having a lens system in which the condition concerning the relationship 
between the overall thickness along the optical axis o£ a 
ll^ht -transmitting refractive member disposed in an optical path of the 
projection optical system eaid the distance from the first surface to 
the second s\u:1face is satisfied. The specific matters specified in claim 
32'-are not novel ones.' - Therefore the specific matters are-not comnoo* * 
technical matters considered to be special technical features defined 
in PCT Rule 13.2. 

Therefore the inventions of dependent claims directly referring to claim 
32 are not so linked as to form a single general inventive concept and 
further divided into sub-groups (32), (33), (34), (35), (36), (37), 
(38-40), (41), and (42). 

Therefore these groups {including aub-grot^s) of inventions involve no 
common technical matters considered to be special technical features 
defined in PCT Rule 13 .2 and are not so linked as to. form a single general 
inventive cmcept • Tlxeref ore « these groups of inventions do not fulfill 
the requirement of unity of invention. 
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